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The object of this research program has been to provide a baseline for microwave 
remote sensing of ammonia and water vapor in the atmosphere of Jupiter through 
laboratory measurements of their microwave absorption properties.  Jupiter is not only 
the largest planet in our solar system, but one of the most interesting and complex.  
Despite a handful of spacecraft missions and many astronomical measurements, much of 
Jupiter’s atmospheric dynamics and composition remain a mystery.  Although constraints 
have been formed on the amount of certain gases present, the global abundances and 
distributions of water vapor (H2O) and ammonia (NH3) are relatively unknown.  
Measurements of H2O and NH3 in the Jovian atmosphere to hundreds of bars of pressure 
are best accomplished via passive microwave emission measurements.  For these 
measurements to be accurately interpreted, however, the hydrogen and helium pressure-
broadened microwave opacities of H2O and NH3 must be well characterized, a task that is 
very difficult if based solely on theory and limited laboratory measurements.  Therefore, 
accurate laboratory measurements have been taken under a broad range of conditions that 
mimic those of the Jovian atmosphere.  These measurements, performed using a newly 
redesigned high-accuracy system, and the corresponding models of microwave opacity 
that have been developed from them comprise the majority of this work.  The models 
allow more accurate retrievals of H2O and NH3 abundances from previous as well as 
future missions to Jupiter and the outer planets, such as the NASA New Frontiers class 
Juno mission scheduled for launch in 2011.  This information will enable a greater 
understanding of the concentration and distribution of H2O and NH3 in the Jovian 
atmosphere, which will reveal much about how Jupiter and our solar system formed and 
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how similar planets could form in other solar systems, even planets that may be 




CHAPTER 1:  INTRODUCTION 
1.1 Background and Research Objectives 
When studying the celestial bodies of the universe, researchers most often ask two 
questions: “What is their composition?” and “What are the processes governing their 
behavior?”  Answering these questions provides additional information as to the past, 
present and future state of the universe and that of our own solar system and planet Earth. 
The solar system is comprised of the sun, eight planets and their moons, and 
smaller solar orbiting bodies such as dwarf planets, asteroids and comets.  Planets can be 
further divided into two groups, terrestrial planets and gas giants.  Mercury, Venus, Earth 
and Mars, the four planets closest to the sun, are known as terrestrial, leaving the outer 
planets of Jupiter, Saturn, Uranus and Neptune as the gas giants.  The gas giants are aptly 
named, because unlike the terrestrial planets, they do not have a surface.  Rather, the gas 
giants are conglomerations of gases, held together by gravity, that become denser 
approaching the center of the planet.  The gas giants, like the sun and the majority of the 
universe, consist of mostly hydrogen and helium.  Heavier elements such as carbon and 
oxygen are formed throughout the universe by the fusion of helium nuclei in the cores of 
giant stars.  Further fusion processes produce more massive atoms such as sulfur, silicon, 
iron, and other metals.  These materials account for the majority of the masses of the 
terrestrial planets. 
The large disparity between the composition of the terrestrial planets and the gas 
giants has led to numerous theories for the formation of the solar system.  Most theories 
assume some form of the nebular hypothesis whereby the solar system formed from the 
collapse of a large cloud of matter roughly 4.6 billion years ago.  This gravitational 
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collapse forced most of the matter to form the sun with the remainder lying in a spinning 
protoplanetary disk.  Eventually, many of the particles in the disk coalesced locally due to 
collisions and gravity, forming planetesimals and eventually planets in a process known 
as accretion.  The terrestrial planets received too much heat and radiation from the sun for 
molecules such as ammonia and methane to condense and the lighter hydrogen and 
helium were stripped away by the solar wind.  The gas giants, on the other hand, were 
able to accumulate hydrogen and helium along with oxygen in the form of water (H2O), 
carbon in the form of methane (CH4), nitrogen in the form of ammonia (NH3) and various 
other molecules.  The order in which the planets formed, the time scales of the accretion, 
and their location relative to the sun all resulted in variations in the amount of these 
“volatiles” that exist in the outer planets.  If the planetesimals formed at a higher 
temperature, they would be less likely to trap noble gases and molecules with very low 
melting points.  If, however, they formed at colder temperatures, before the fusion 
furnace of the sun was fully ignited or at a distance far from the sun, their concentrations 
would mirror that of the sun.  
A more unconventional hypothesis known as the capture theory, first proposed by 
Woolfson (1960), suggests that a large body 100 times more massive than the sun passed 
by the sun within ten solar radii.  This caused gravitational tides that pulled material out 
of the molten sun in waves, which then formed the planets.  This would suggest that the 
outer planets, which are less affected by the solar wind, should have molecular 
compositions identical to that of the sun. 
To test these and other theories the compositions of the planets need to be 
measured, a task that is quite difficult given their distance from Earth.  Additionally, the 
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processes that transport molecules throughout the atmospheres and cores of the planets 
must be understood to explain localized variations in molecular concentration.  Jupiter is 
a perfect candidate for mapping the evolution of our solar system since its large gravity 
and strong magnetosphere have allowed it to maintain most of its original composition.  
Additionally, dozens of Jupiter-like exoplanets (planets orbiting other stars) have been 
located in the past 13 years (Butler et al. 2006).  By studying Jupiter and its formation, 
much can be learned about the formation of not only our own solar system, but other 
planetary systems, many of which could contain planets hospitable to life. 
Jupiter accounts for roughly 70% of the planetary mass of our solar system, about 
318 times as much as Earth.  Apart from hydrogen and helium, other major constituents 
detected at Jupiter include methane (CH4) and lesser amounts of various other 
hydrocarbons, water vapor (H2O), ammonia (NH3), hydrogen sulfide (H2S), and 
phosphine (PH3) along with the noble gases neon (Ne), argon (Ar), krypton (Kr), and 
xenon (Xe) (Kunde et al. 1982; Niemann et al. 1996).  To study Jupiter, researchers 
employ a variety of remote sensing techniques and even some limited in situ space probe 
measurements.  These techniques, however, require accurate knowledge of the spectral 
properties of the molecular species being studied.   One species of particular interest is 
water.  Not only is water an essential component of habitable planets, but it can also be 
found in all three phases (solid, liquid and gas/vapor) throughout the solar system.  In the 
case of Jupiter, the pressures and temperatures in its deeper atmosphere favor the 
presence of water vapor.  As will be explained in Chapter 2, the spectrum of ammonia at 
Jupiter can obscure the spectrum of water vapor.  Measuring water vapor in Jupiter’s 
deep atmosphere is a very difficult task unless the properties of both H2O and NH3 are 
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well understood.  To better measure these properties, a high-accuracy laboratory system 
and experimental protocol have been developed.  Completed measurements of H2O and 
NH3 along with numerical models that predict their behavior under a wide range of 
conditions will be described in depth herein.  These models represent a key component 
necessary to processing the data from Earth-based and spacecraft-based studies that will 
provide a greater physical understanding of the universe we inhabit.  
  
1.2 Organization 
This dissertation is comprised of essentially four main areas: theoretical discussion of the 
microwave absorbing properties of ammonia and water vapor, experimental 
measurements of the microwave properties of ammonia and water vapor under Jovian 
conditions, development of empirically derived models for NH3 and H2O opacity under 
Jovian conditions, and application of these models to past and hypothetical future 
spacecraft data from Jupiter.  Each of these topics is discussed within its own chapter.   
In Chapter 2 a cursory description of various remote sensing techniques is 
presented along with a more in-depth description of the NASA Juno mission.  The theory 
regarding absorption of microwave energy by molecules is also discussed in addition to 
previous measurements and models from other researchers in the case of NH3 and H2O. 
Chapter 3 begins with a discussion of the theory behind measuring the absorption 
and refraction of gases in the microwave regime.  From there, the specifics of the 
measurement system used for this work are presented.  Lastly, a description of the 




Chapter 4 describes the method of fitting models to the data and presents the 
results of the new model for ammonia opacity compared to the previous state of the art.  
The experimental configurations and measurement limitations are discussed.  Chapter 5 
shows the usage of the new NH3 model in reprocessing the data from the Galileo Entry 
Probe radio signal absorption measurements.  The new results are compared and 
contrasted to the previous ones.  The current and previous models are also compared in 
the context of hypothetical retrievals from the Juno mission via radiative transfer 
modeling.  The effect of the rotational spectrum of ammonia on its properties at 
microwaves is also discussed. 
Chapter 6 summarizes the findings of this work and presents suggestions for 
future work.  The contributions of this author to the field of laboratory measurements of 
the microwave properties of NH3 and H2O are subsequently listed and a list of 
publications is included. 
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CHAPTER 2:  MICROWAVE REMOTE SENSING TECHNIQUES AND 
THEORY 
The most familiar astronomical remote sensing technique involves viewing 
planets through optical telescopes.  While this can provide insight to some of a planet’s 
atmospheric dynamics, it is not very effective in determining composition as many 
molecules do not have strong absorption bands in the optical region of the 
electromagnetic spectrum.  The ultraviolet (UV) and infrared (IR) bands contain many 
absorption features unique to each molecule and allow telescopes operating in those 
regions to more accurately determine planetary composition.  However, the opacity from 
these absorption bands also limits the depths to which these methods can sense.  This is 
especially an issue in the dense, clouded atmospheres of the gas giants.  To delve deeper, 
longer wavelength (microwave and radio wave) emissions must be measured. 
Microwave remote sensing measurements can be performed in a variety of ways.  
Active sensing requires both a transmitter and receiver and includes such methods as 
radar, radio occultations and entry probe radio signal absorption measurements.  Passive 
sensing relies on the measurement of background or blackbody radiation coming from a 
planet using only a receiver, otherwise known as a radiometer.  Each method has its 
advantages and disadvantages as to the spatial resolution, power requirements and the 
depths to which each can measure.  Radars require the reflection of microwave energy 
and work best for measuring dense, reflective surfaces and larger objects that scatter 
radiation back to the receiver.  While they can provide great spatial resolution, they are 
not very effective at measuring gases unless those gases are condensed into large cloud 
particles.  In the case of radio occultations (e.g. the Cassini or Voyager missions), a 
carrier wave signal is transmitted through various altitudes of a planet’s atmosphere in 
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either an uplink or downlink configuration.  This transmission occurs between the 
spacecraft and earth as the spacecraft moves behind the planet and usually involves 
multiple frequency bands.  As the signals pass through the planet’s atmosphere, they are 
gradually bent due to the index of refraction of the gases.  For gas giants, the path 
through the atmosphere eventually becomes too opaque for the signals to be detected as 
shown in Figure 2.1.  This limits the depths that can be measured to only a few bars of 
pressure.  For entry probe radio links (e.g. the Galileo mission) the signal loss through the 
atmosphere is measured in the radio transmission between an entry probe and a nearby 
orbiting spacecraft.  Unless the entry probe has the ability to maneuver and overcome the 
gravitational pull of the planet, most entry probe measurements are limited to only one 
location on the planet.  In contrast, passive thermal emission measurements use the 








After precisely measuring the drop in signal intensity and phase shift (in the case 
of radio occultation and entry probe experiments) caused by atmospheric attenuation and 
refraction, researchers can compare the results with the known properties of gases and 
retrieve temperature-pressure profiles and the abundance of microwave-absorbing 
constituents.  The accuracy of these retrievals not only depends on the measurement 
abilities of the spacecraft and earth stations, but also on the knowledge of the microwave 
and millimeter-wave properties of the gases present.  Being able to more accurately 
measure those properties in a laboratory setting allows for more accurate scientific 
retrievals and knowledge of the composition, function, and formation of our solar system. 
Radio emissions (22.2 MHz) from Jupiter were first detected in 1955 (Burke and 
Franklin 1955).  These strong emissions, however, were due primarily to the noisy 
synchrotron radiation from fields surrounding the planet and not from thermal radiation 
from the atmosphere itself.  The first thermal emission measurements were made during 
the following two years at a frequency of 9.53 GHz by Mayer et al. (1958).  The 
ammonia resonant structure at microwave frequencies in Jupiter’s atmosphere was first 
measured by Law and Staelin (1968) at five frequencies between 19.0 and 25.4 GHz and 
later by Wrixon et al. (1971) at eight frequencies between 20.5 and 35.5 GHz, although 
Wildt (1932) had detected the presence of ammonia four decades earlier using infrared 
observations.  Water was not detected until much later, and also in the infrared (Larson et 
al. 1975).  Since that time numerous other Earth and space-based measurements have 
been made throughout the microwave and millimeter-wave bands, but the accuracy of the 
interpretations of them are subject to the knowledge of the microwave absorption 
coefficients of the constituents found there. 
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Many of the known Jovian molecular species were detected though data from the 
Galileo Probe mission’s Mass Spectrometer (Niemann et al. 1996), which in December 
of 1995 took in situ measurements of Jupiter’s atmosphere at one location down to a 
pressure of 22 bars before the probe disintegrated from the intense temperature and 
pressure.  This one data point is presently the deepest measurement of the Jovian 
atmosphere, and was deep enough to sense beneath the various cloud layers.  Also, 
sensing in situ with a mass spectrometer provided greater accuracy than other remote 
sensing methods.  Unfortunately, the probe entered what is known as a hot spot, the Earth 
equivalent of a desert, where it detected much less water than was believed to be present 
“on average” throughout the planet.  The Galileo Probe results raised more questions than 
provided answers, which became one of the motivating factors for the future NASA Juno 
mission. 
 
2.1 The Juno Mission 
The NASA Juno Mission is a solar-powered spin-stabilized robotic spacecraft that is 
scheduled for launch in 2011.  It will make 32 highly elliptical polar orbits around Jupiter 
studying the dynamics of its atmosphere, radiation belts, gravity field, and 
magnetosphere.  The orbital path has been selected to allow the spacecraft to pass within 
the planet’s strong radiation and synchrotron belts to optimize the sensitivity of its 
measurements while minimizing the amount of high-energy radiation doses it receives.  
Juno’s Microwave Radiometer instrument or MWR will measure the atmospheric 
composition beneath the cloud layers, down to hundreds of bars of pressure.  MWR is an 
optimal instrument for Juno since it will measure a wider range of altitudes throughout 
the Jovian atmosphere than instruments operating at shorter wavelengths and will not be 
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subject to the interference from the synchrotron radiation that plagues Earth-based 
measurements. 
The MWR will employ six radiometer channels ranging in wavelength from 50 
cm (600 MHz) to 1.3 cm (23 GHz) (Janssen et al. 2005).  The channels will passively 
measure Jupiter’s microwave emission, commonly characterized by brightness 
temperature, or the physical temperature of a black body producing the equivalent 
radiation at a particular wavelength.  The antennas for the channels will be placed on the 
side of the spacecraft so that as it rotates, the antennas will scan across the planet along 
the track of the spacecraft taking brightness temperature measurements of the same 
location, but at different look angles.  This allows for better calibration of the radiometers 
and lessens the effect of horizontal variations in the atmosphere.  These brightness 
temperature measurements, with the aid of a radiative transfer model, will be able to 
determine the concentrations of water vapor and ammonia at various depths and locations 
covering the planet, assuming that the radiative transfer model uses accurate microwave 
absorption coefficients for H2O and NH3. 
 
2.2 Electromagnetic Absorption by Molecules in the Gaseous State 
Any gaseous molecule with a temperature above absolute zero has kinetic energy 
associated with it.  This energy, represented by the motions of the molecule, is quantized.  
A molecule with more than one atom has moments of inertia about the molecule’s center 
of mass that give rise to various rotational states of the molecule.  The distances between 
the bound atoms in a molecule may also vary in an oscillatory pattern known as a 
vibrational state due to small changes of the attractive and repulsive forces between the 
negatively charged electrons and positively charged nuclei.  Additionally, the electrons in 
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each atom can inhabit higher ordered orbitals with increased molecular energy.  These 
three states allow many molecules to absorb and emit electromagnetic energy over a wide 
portion of the spectrum.  Since the energy levels of each of the modes in these states are 
quantized, the frequencies of electromagnetic radiation that a molecule may absorb or 
emit are limited to those which satisfy  
 
h
EE lu −=0ν  (2.1) 
where ν0 represents the frequency of the transition
1, Eu and El represent upper and lower 
energy states of the molecule and h is Planck’s constant.  When a molecule absorbs 
energy it transitions from a lower energy state to a higher one and when it emits energy, 
the opposite occurs.  For changes in electron states, the energies required typically 
occupy the optical and ultraviolet parts of the spectrum.  For vibrational energy 
transitions the frequencies are most often found in the infrared, whereas rotational 
transitions can occur anywhere from the terahertz (THz) regime down to microwave 
frequencies.  The frequencies that cause transitions are called absorption lines and each 
absorption line has a line strength related to the proportion of molecules normally 
inhabiting the upper and lower states of that transition.  
 If a molecule has a structure where its atomic bonding has allowed for greater 
positive charges to accumulate on one side of the molecule and negative charges on the 
other, that molecule is said to possess a permanent dipole moment.  A molecule with a 
permanent dipole moment is often referred to as polar.  A polar molecule is similar to a 
magnet with its oppositely charged north and south poles.  Just like the needle of a 
                                                 
1 In this chapter, the Greek letter nu (ν) will be used to design frequency, keeping with the context of the 
cited literature.  In subsequent chapters frequency will be designated (f). 
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compass aligns itself with the magnetic field of the Earth, a polar molecule has a 
tendency to align itself with the varying electromagnetic fields incident upon it.  When 
these fields oscillate with particular microwave and millimeter-wave frequencies, polar 
molecules can receive the angular momentum necessary to transition into different 
rotational modes.  Even non-polar molecules can have temporary dipole moments 
induced from collisions with other polar and non-polar molecules. 
 
2.2.1 Linewidths and Lineshapes 
Although the energy and corresponding frequency of a particular molecular energy 
transition are quantized, they are not limited to precisely one frequency.  Frequencies that 
are close to the transition frequency can be absorbed or emitted by a proportion of the 
molecules.  The range of frequencies about an absorption line that cause transitions in at 
least half of the molecules of a particular species are referred to as the spectral width of 
an absorption line.  Half of this total width corresponds to the half width at half 
maximum (HWHM) of the absorption line and is known as the linewidth or linebreadth.  
The spectral shape of the line as a function of frequency is known as the lineshape. 
This line-broadening phenomenon has several causes, each of which take 
precedence under different conditions.  Zero-point ambient electromagnetic radiation, 
present everywhere in space, causes absorption lines to have a “natural breadth” (Townes 
and Schawlow 1955).  While this effect is noticeable for electronic transitions, its effect 
at microwaves is much less than 1 Hz.  This effect can also be prevented in an 
experimental setting, such as a resonator where only certain frequencies modes are 
excited.  Additionally, collisions with the walls of a test cell in a laboratory setting can 
cause line broadening.  While this effect must be considered when using small waveguide 
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absorption cells (Johnson and Strandberg 1952), it is negligible for the relatively large 
resonators used in this work. 
 The motion of a molecule relative to applied electromagnetic radiation causes the 
frequency encountered by the molecule to shift according to the Doppler effect.  This 





710581.3 −×=∆  (2.2) 
where ν is the center frequency of the line, T is the temperature of the gas in Kelvin and 
M is its molecular mass (Townes and Schawlow 1955).  In very low density gas mixtures, 
Doppler broadening is considerable, however, for the temperatures and pressures at 
Jupiter studied in this work, its effect is negligible. 
 For most planetary conditions, including those at Jupiter sensed by the Juno 
mission, the greatest source of line broadening results from molecular collisions.  These 
collisions allow for the transfer of kinetic energy and interactions between the molecules 
due to van der Waals forces.  Commonly referred to as pressure broadening, this process 
is very difficult to accurately characterize. 
 Lorentz (1906) was the first to attempt to model the pressure broadening of gases, 
with his work focusing on optical wavelengths.  His work gave rise to a spectral line 
shape still in widespread use today known as the Lorentz lineshape (Lorentz 1915), 
presented by Van Vleck and Weisskopf  (1945) as 
 
























ijLF , (2.3) 
where ∆ν is the linewidth at half-maximum, νij is the frequency of the transition between 
states i and j, and ν is the frequency of the incident electromagnetic wave.  The linewidth 
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can also be written as ∆ν=1/(2πτ) where τ is the mean time between collisions.  Debye 
(1929) described the absorption and refraction in polar molecules with a theory that did 
not agree with the Lorentz shape at zero resonant frequency.  This led to the work of Van 
Vleck and Weisskopf (1945), who combined the theories of Lorentz and Debye to derive 
the Van Vleck-Weisskopf lineshape: 
 


























ijVVWF , (2.4) 
which was later verified by Fröhlich (1946).  Gross (1955) assumed a Maxwellian 
distribution of molecular velocities, instead of the Boltzmann one used by Lorentz and 























ijGF . (2.5) 
Both the Van Vleck-Weisskopf and Gross lineshapes converge at the line centers.  
Neither of these lineshapes, however, was able to match the microwave spectral data of 
ammonia measured by Bleaney and Loubser (1950).  Therefore, Ben-Reuven (1966) 
derived a lineshape that included two additional factors, a line shift parameter (δ) 
proportional to gas density and a line-to-line coupling element (ζ).  The Ben-Reuven 
lineshape takes the form: 
 
( ) ( ) ( )[ ]


















=BRF , (2.6) 
where Ben-Reuven uses γ to represent the linewidth instead of ∆ν. 
 All of these lineshapes rely on the knowledge of the linewidth of the gas being 
studied.  The most common approach to modeling linewidths of a gas species involves a 
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statistical approach, whereby all the possible states of the molecule are considered.  
These states are weighted by their populations (the percentage of the molecules of the 
species that occupy that state), which are directly proportional to the inverse exponential 
of their energy level.  Collisions between two molecules can assume a number of possible 
outcomes due to the probability of each molecule being in a particular state, the velocities 
of the molecules relative to each other, and the duration of the collision.  A collision does 
not necessarily refer to direct physical contact between the molecules, but implies that the 
molecules were proximate enough to affect each other’s motion.  This is especially true 
for molecules with strong dipoles that can influence other molecules many molecular 
radii away.  Almost every pressure-broadening theory assumes only binary collisions, or 
collisions involving only two molecules at once.  Most also assume that the duration of 
the collisions is short relative to the frequency of collisions.  Both of these assumptions 
are adequate for air pressures found on Earth, but are invalid for the high-pressure 
environments of the outer planets.  Also, no one theory has been shown to accurately 
characterize the measured behavior of ammonia or water vapor at microwaves over a 
wide range of conditions and energy states.  Since these pressure-broadening theories 
have little applicability to the Jovian conditions presented in this work, the discussion of 
them will be limited to the few instances where they provide insight into the behaviors of 
the gases studied here.  For more through discussions of pressure broadening, see, e.g., 
Anderson (1949) and (1950), Baranger (1958), Birnbaum (1966), Fano (1981), Herbauts 
and Dunstan (2007), Margenau (1951), McMahon and McLaughlin (1974), Mizushima 




2.2.2 Theoretical Microwave Absorption by Ammonia 
Ammonia is a symmetric top molecule and has a pyramidal form with a nitrogen atom at 
the apex and three hydrogen atoms at the base as shown in Figure 2.2.  The hydrogen 
atoms are bonded to the nitrogen atom leaving one unbonded pair of electrons atop the 
nitrogen atom.  These negatively charged electrons and those shared by the hydrogen 
atoms combined with the positively charged protons in the hydrogen nuclei create a 
dipole, the strength of which depends on the molecule’s temperature (Debye 1929).  This 
dipole makes ammonia much more susceptible to absorbing electromagnetic radiation. 
 
 
Figure 2.2: Schematic diagram of an ammonia molecule showing the orientation of the 
dipole and the H-N-H bond angle.  The two black dots atop the nitrogen atom represent 
unbonded electrons. 
 
Like many molecules, ammonia has a number of rotational and vibrational 
absorption lines in the terahertz and infrared bands.  These lines represent wavelengths of 
the appropriate quantized energy to induce modes of vibration in the lengths of the N-H 
bonds and rotation in any direction about the molecule’s center of mass.  Additionally, 
special modes of vibration exist where the nitrogen atom tunnels through the potential 
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barrier of the dipole and oscillates through the plane of the hydrogen atoms, essentially 
turning itself inside-out.  This is referred to as inversion and the frequencies 
corresponding to the energy levels at which it occurs are throughout the microwave 
region. 
Due to the symmetry of the ammonia molecule, two quantum numbers are 
commonly used to describe the rotation of the molecule.  The first number, J, represents 
the total angular momentum vector of the molecule, extending from the center of mass of 
the molecule normal to the plane of rotation and the second, K, is the projection of J onto 
the axis of symmetry that passes from the center of the nitrogen atom through the point of 
equidistance in the hydrogen plane.  Each rotational state has two split energy levels 
(Dennison and Uhlenbeck 1932) corresponding to different spins of the nitrogen nucleus 
that are recognized through molecular inversion, giving rise to a third quantum number S 
that can have a value of either 1 or 0.  The difference in the energy levels of these states 
corresponds to the electromagnetic energy necessary to cause inversion.  Therefore it is 
common to refer to a particular inversion by the two quantum numbers J and K of the 
corresponding rotation, with the state transition S occurring from a 1 to a 0 state.  Since K 
is a vector projection and one of the components of J, it can never be greater than J, and 
due to the symmetry of the coordinate system negative values are not used.  Also, 
because energy is quantized, J and K must have integer values.  Due to the uncertainty 
principle, it is not possible to have a molecule with zero angular momentum, therefore J 
cannot be equal to zero.  In the pure rotational state, however, K can have a zero value, 
but this state does not have a corresponding inversion.  Hence when considering 
inversion modes, ammonia’s quantum numbers count up from 1 with J ≥ K and the 
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inversion modes are usually represented as (J,K).  The (1,1) inversion occurs at 23.6945 
GHz, however the strongest inversion is the (3,3) transition at 23.8701 GHz (Poynter and 
Kakar 1975).  A more complete description of the theoretical quantum mechanical 
structure of ammonia and its spectrum can be found in Townes and Schawlow (1955). 
Unlike excitation of electrons into higher energy states as in semiconductors, 
when an ammonia molecule absorbs microwave energy it develops rotational and 
vibrational motion that is transferred to other molecules and is eventually thermally 
dissipated.  Therefore energy absorbed at one particular frequency is not directly 
reemitted at the same frequency, so this effect can be considered true absorption. 
The coupling of each inversion frequency to a rotational mode can be considered 
in a classical sense.  If the molecule is close to rotating around its axis of symmetry, the 
molecule resembles a planar configuration due to centrifugal force, which spreads the 
hydrogen atoms apart, increasing the H-N-H bond angle, thus making inversion easier 
and more frequent.  This corresponds to the case when J = K.  If the opposite is true and J 
is much greater than K, the molecule becomes elongated, moving the nitrogen atom 
farther from the plane of the hydrogen atoms, causing inversion to occur less frequently 
as more energy is required. 
Apart from the frequencies of ammonia’s inversion lines, the shapes of the lines 
have a major effect on its absorption spectrum and one that can be difficult to constrain 
over a wide range of conditions.  The lineshapes vary with the linewidth of each 
individual NH3 absorption line.  Additionally, collisions of an ammonia molecule with 
other gas molecules cause slight distortions in the structure of the molecule, induce shifts 
in the center frequencies of the individual absorption lines, and cause them to broaden.  
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Each molecular species has a different broadening cross-section based primarily on its 
size and polarity that characterizes how frequently it collides with other molecules of a 
given cross-section.  These broadening cross-sections are critical in calculating the effect 
various gases, at their respective number densities, have on each other’s microwave 
absorption.  If the pressure of any mixture containing ammonia is greater than a few tens 
of mbar, its individual absorption lines begin to merge into a single line feature that 
extends from 1 to 50 GHz.  Broadening from one molecule colliding with another of the 
same species is known as self-broadening, whereas broadening from two different species 
of gas molecules colliding is known as foreign-gas-broadening.  This occurs even when 
the foreign gases themselves have no microwave absorption lines, as in the case of 
hydrogen and helium. 
While having a strong dipole makes ammonia a good microwave absorber, it also 
makes ammonia very susceptible to adsorption to instrumental surfaces.  This requires 
extra considerations when attempting to measure ammonia in a laboratory setting.  A 
more thorough discussion of the process of adsorption is presented in Appendix A.  Even 
the accuracy of the retrieval of the in situ abundance of NH3 from the Galileo mass 
spectrometer was compromised by adsorption to instrumental surfaces (Atreya et al. 
2003). 
 
2.2.3 Theoretical Microwave Absorption by Water Vapor 
The water molecule consists of an oxygen atom bonded to two hydrogen atoms in a bent, 
triangular formation, also known as an asymmetric-top molecule as shown in Figure 2.3.  
This results in three independent principal moments of inertia.  The structure of a water 
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molecule can be thought of as a tetrahedron with the oxygen nucleus at the center, the 
two hydrogen nuclei at two of the vertices, and two pairs of valence electrons from the 
oxygen atom occupying the other two vertices.  This is not completely accurate, however, 
as the valence electrons have a greater repulsion force since they are not shared with the 
hydrogen atoms.  This results in the unbonded electron pairs repelling the two bonded 
hydrogen atoms so that the bond angle is approximately 105º rather than the 109.5º that 
would result from an ideal tetrahedral configuration.  This gives water an even greater 
dipole moment than ammonia, which makes it a good absorber of electromagnetic 
energy. 
 
Figure 2.3: Schematic diagram of a water molecule showing the orientation of the dipole 
and the H-O-H bond angle.  The two sets of black dots atop the oxygen atom represent 
unbonded electrons. 
 
Like ammonia, water’s total angular momentum is represented by a quantum 
number, J.  However, because water does not have an axis of symmetry, the projection 
onto K has no meaning.  Therefore it is common to assign two new quantum numbers K-1 
and K1 that represent the axes of rotation that give rise to the greatest prolate and oblate 
deformations, respectively, of the molecule and to project J onto those axes.  Rotation 
about the prolate axis makes the H-O-H bond angle decrease, whereas rotation about the 
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oblate axis makes the bond angle increase.  These rotational modes are usually written as 
JK-1,K1, but can also be written as Jτ, where τ = K-1 - K1.  Unlike NH3, H2O does not 
undergo inversion and therefore has a very limited number of absorption lines in the 
microwave region, with the lowest measured frequency being the rotational transition 
between 52,3 and 61,6 at 22.235 GHz.  Other transitions do occur at lower frequencies, 
such as 217,15 → 224,18 at 8.2745 GHz and the 164,12 → 157,9 at 12.48 GHz, but these 
states have such high energies that they are statistically rare and are only known based on 
extension of an equation fit to lower energy state data (Pickett et al. 2005).  Other more 
commonly found transitions occur at 183.3, 325.2 and 380.2 GHz.  Since these lines are 
relatively widely spaced and not as strong, water vapor has significantly less opacity than 
ammonia at frequencies below 50 GHz. 
The strong polarity of the water molecule makes it a good candidate for 
adsorption, but its lack of an axis of symmetry makes the bonding geometry more 
complicated.  Of greatest concern when trying to measure water vapor in a laboratory 
setting is condensation occurring due to temperature gradients, especially in experiments 
performed at room temperature or nearer the triple point of 273.15 K. 
 
2.2.4 Microwave Absorption from Other Major Jovian Constituents 
While ammonia and water vapor contribute the most to microwave absorption in the 
Jovian atmosphere, there are some other microwave-absorbing components present.  
Hydrogen sulfide (H2S) and phosphine (PH3) have similar atomic structures to water and 
ammonia respectively although with lesser dipole moments.  Sulfur and phosphorus, both 
being larger, heavier molecules are less common in our solar system than oxygen and 
nitrogen.  The solar compositions of sulfur and phosphorus are 25.895 ppm and 429.75 
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ppb respectively, compared to 857.4 ppm for oxygen and 113.04 for nitrogen (Grevesse 
et al. 2005).  The hydrogen and helium broadened opacities of phosphine (Hoffman et al. 
2001) and hydrogen sulfide (DeBoer and Steffes 1994) have been measured and modeled 
at microwave frequencies, albeit with lesser accuracies than presently attainable.  For a 
solar abundance of each constituent, the predicted opacity of PH3 below 30 GHz at 10 
bars, 338 K is on the average 1.5 orders of magnitude lower than that from H2O, 
calculated using the DeBoer model (de Pater et al. 2005), and at least 3 orders of 
magnitude below that of NH3, calculated via Joiner and Steffes (1991).  Under those 
conditions the opacity of H2S is another half order of magnitude lower than PH3. 
 Of the other major components of the Jovian atmosphere, the monatomic 
molecules of helium and the other noble gases are essentially lossless at microwave 
frequencies since they cannot have a dipole moment.  Hydrogen, however, can possess a 
collisionally-induced dipole, but under the Jovian conditions probed by Juno its opacity is 
orders of magnitude lower than that of NH3 or H2O.  (See, e.g., Borysow et al. 1985; 
Orton et al. 2007; Trafton 1973).  Other various forms of NH3 and H2O exist at Jupiter 
where one or more hydrogen atoms is replaced with a deuterium atom (hydrogen with a 
neutron in its nucleus), but these are far less common and are not considered in this work. 
 
2.3 Previous Measurements and Models 
 
2.3.1 Ammonia 
The microwave properties of gaseous ammonia were first measured in the laboratory by 
Cleeton and Williams (1934) from 7.5 – 30 GHz.  They measured pure ammonia at a 
pressure near 1 bar, whereupon they detected a broad single line feature, because of 
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pressure-broadening and did not detect any individual NH3 lines.  Subsequent work was 
performed by Bleaney and Penrose (1946a) who were able to resolve 18 lines between 20 
and 26 GHz by measuring at pressures of ammonia as low as 0.27 mbar and devised a 
formula for calculating NH3 line frequencies based on quantum numbers.  They 
concluded that NH3, due to the strength of its dipole, exerts pressure broadening even at 
distances that do not correspond to direct collisions.  Around the same time Good 
(1946a), in a cursory publication, was able to resolve 28 lines and later that year 
expanded that to 30 lines, along with a revised line frequency formula (Good 1946b).  
However, those results were subsequently dismissed as attempting to create a false sense 
of improved accuracy (Bleaney and Penrose 1946b; Bleaney and Penrose 1947).  By 
1949 pure ammonia had been measured from 3.7 to 37 GHz and up to 6 atm of pressure 
(Bleaney and Loubser 1950).  One atmosphere of NH3 was even measured up to 260 GHz 
by Nethercot et al. (1952).  Many more measurements of pure ammonia were performed 
throughout the following decades by various researchers, culminating in the most 
extensive measurement to date of ammonia’s inversion lines by Poynter and Kakar 
(1975).  They measured the center frequencies of 119 lines up to J = K = 16 near 40 GHz 
for ammonia pressures of a few millitorr and devised a 15-term exponential polynomial 
for calculating the center frequencies of other lines.  These measurements along with 
many others have been incorporated into the largest and most current collection of NH3 
microwave transitions, the JPL line catalog by Pickett et al. (1998) and more recently 
Chen et al. (2006). 
It was not long before experimenters began to measure the broadening effects of 
various foreign gases on the microwave lines of ammonia.  Bleaney and Penrose (1948) 
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measured the broadening effects of six gases, including H2 and He by measuring the 
broadening of a single line (J = 3, K = 3), but did not make any acknowledgement of the 
adsorptive tendency of ammonia, leading the reader to believe they were either not aware 
of it, or did not properly account for it in their measurements.  Smith and Howard (1950) 
measured 15 different broadening gases and described how strongly ammonia adsorbed 
in their system.  Unfortunately, they do not mention the desorption process of ammonia 
and how that could have affected their measurements.  Potter et al. (1951) obtained 
results that differed significantly with those of Smith and Howard and the theory 
proposed by Anderson (1949), but did not present any hypothesis as to the discrepancy.  
Legan et al. (1965) performed a more thorough examination of both ammonia self-
broadening and foreign gas broadening on 25 NH3 resonant lines.  The aforementioned 
measurements of the various broadening parameters fall over a fairly wide range and are 
well outside their respective stated uncertainties, hinting at the difficulty in accurately 
measuring them. 
Most of the early ammonia pressure-broadening experiments were limited to the 
pressures that could be produced in the laboratory, usually on the order of a few bars.  
Morris and Parsons (1970), however, were able to measure the broadening effects of H2, 
He, N2, and Ar on NH3 up to pressures of nearly 700 bars by using a high-pressure vessel 
and gas compressor.  Their measurements were only performed at room temperature and 
at one frequency (9.58 GHz) in a tunable resonant cavity.  To date, the pressures at which 
these measurements of NH3 were performed exceed those measured by other 
experimenters by nearly two orders of magnitude.  Other measurements up to 6 bars by 
Steffes and Jenkins (1987) and an extensive set by Spilker (1990) up to 8 bars all suffer 
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from improper characterization of the adsorption of ammonia in the test chambers.  
Adsorption, however, had no effect on the measurements of pure ammonia by Spilker 
(1993).  Measurements of the hydrogen and helium broadening of the Ka-band (32 – 40 
GHz) and W-band (94 GHz) opacities of ammonia have been made up to 2 bars of 
pressure and temperatures from 188 to 300 K (Joiner 1991; Mohammed 2005), but those 
too have large uncertainties due to adsorption.  Recently, more accurate measurements of 
the full W-band (75 – 110 GHz) opacity of H2/He-broadened NH3 have been performed 
(Devaraj and Steffes 2007). 
The predominant lineshape used to describe experimental results for the ammonia 
spectrum of Good and Bleaney and Penrose was that of Van Vleck and Weisskopf 
(1945).  The Van Vleck-Weisskopf lineshape was shown to fit the ammonia spectrum 
well at low pressures where the individual lines had little overlap.  Although the accuracy 
of the Van Vleck-Weisskopf lineshape had been questioned in the lower frequency tail of 
the spectrum, it was not until 1953 that it was measured and found to be too low by 40% 
at 2.8 GHz in 133 mbar of pure NH3 (Birnbaum and Maryott 1953).  This led to the 
creation of new lineshapes (Anderson 1949; Gross 1955) with various modifications of 
the Van Vleck-Weisskopf theory.  However, one that included the effects of increasing 
pressure on the molecular forces and resonant lineshapes of ammonia was not developed 
for over a decade (Ben-Reuven 1966).  Despite the work of Ben-Reuven, Goodman 
(1969) devised the first model for calculating NH3 opacity in a H2/He atmosphere using 
the Van Vleck-Weisskopf lineshape.  Berge and Gulkis (1976) used the Ben-Reuven 
lineshape to fit the measurements of Morris and Parsons (1970) to a model for NH3 
opacity in a H2/He atmosphere using an empirical correction factor and only the NH3 
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inversion lines from Poynter and Kakar (1975).  The Berge and Gulkis model became the 
predominant way of calculating opacity from ammonia throughout the microwave regime 
until the models of Spilker (1990) and Joiner (1991).  DePater and Massie (1985) 
recognized that the Berge and Gulkis model was inaccurate for millimeter waves due to 
the broadening effect of the rotational lines, namely those at 572, 1168, and 1215 GHz.  
This exposed the weakness of the Berge and Gulkis model’s usable frequency range and 
further led to questions about the accuracy of its temperature dependence, both 
characteristics that were based on a single measurement.  The Berge and Gulkis model 
was, however, shown to be accurate for pure ammonia at room temperature (Spilker 
1993). 
 
2.3.2 Water Vapor 
Because of its prevalence on Earth, water vapor has been widely studied 
throughout the microwave regime mainly for its effects on weather, satellite and 
terrestrial communications.  The first laboratory measurements of the microwave 
properties of water vapor were performed by Becker and Autler (1946) using a cubical 
copper resonator approximately 8 feet on a side.  The gas measured in their massive 
resonator was essentially ambient air with additional amounts of H2O.  To prevent 
condensation and to allow greater amounts of water in vapor phase, the entire room 
housing the resonator had to be kept at 45º C!  Like most early water vapor 
measurements, their focus was on the 52,3 → 61,6 (22.2 GHz) line.  Townes and Merritt 
(1946) were the first to measure this line in pure water vapor at low pressures to lessen 
the broadening and better constrain the center frequency and linewidth.  Other early 
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measurements of the 22.2 GHz line consisted of characterizing attenuation in Earth’s 
atmosphere with passive microwave radiometers (Dicke et al. 1946; Kyhl et al. 1946). 
The 22,0 → 31,3 (183.3 GHz) line was first observed by King and Gordy (1954) 
and measured in more detail, including self-broadening, and foreign gas broadening by 
Rusk (1965) and Frenkel and Woods (1966).  Three additional lines up to 448 GHz were 
measured by Lichtenstein et al. (1966).  Even more transitions up to 600 GHz were 
measured by Pearson et al (1991) and consolidated along with dozens of other 
measurements within the H2O line catalog (Pickett et al. 1998). 
Unfortunately, the majority of measurements of water vapor foreign gas 
broadening focus on gases normally found in the terrestrial atmosphere such as N2, O2, 
Ar, and CO2, and not on those of the outer planets such as H2 and He.  The first 
measurement of the broadening of H2 and He on H2O was performed on the 22.2 GHz 
line by Liebe and Dillon (1969).  Godon and Bauer (1988) examined the broadening by 
He on the 183.3 GHz and 380.2 GHz H2O lines over the range of temperatures from 300 
to 390 K, while Goyette and De Lucia (1990) studied He broadening of the 183.3 GHz 
line over the wider temperature range of 80 to 600 K.  Dutta et al. (1993) measured the 
broadening by both H2 and He on the lines at 183.3 GHz and 380.2 GHz.  These 
measurements were repeated for He on the 183.3 GHz line at room temperature by 
Golubiatnikov (2005) and the results were in good agreement.  All of these experiments, 
however, were performed with relatively low pressures (1-3 Torr) of broadening gases, 
which could lead to difficulties in extrapolating to higher pressures. 
The first model for the microwave absorption of water vapor was created by Van 
Vleck (1947) using the Van Vleck-Weisskopf lineshape and only considering the line at 
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22.2 GHz along with attributing the contributions of all other lines to a single term.  
Goodman (1969) was the first to incorporate a hydrogen-helium atmosphere into a water 
vapor absorption model by following Van Vleck by also using only the 22.2 GHz line 
and combining the effects of the higher frequency lines into a single term.  Hill (1986) 
later confirmed the correctness of the Van Vleck-Weisskopf lineshape for the 22.2 GHz 
line under lower pressures.  Ho et al. (1966) measured H2O in a N2 atmosphere at high 
pressures and derived a model for H2O opacity under those conditions.  Ulaby et al. 
(1981) created a model for H2O absorption in Earth’s atmosphere following the work of 
Waters (1976) by using ten rotational absorption lines up to 448 GHz and the 
kinetic/Gross lineshape.  An additional term was added to represent the contributions of 
higher frequency lines per Gaut and Reifenstein (1971).  Joiner and Steffes (1991) 
modified this model for a H2/He atmosphere by replacing the term for Earth’s 
atmospheric pressure P with (0.81 PH2 + 0.25 PHe) where PH2 and PHe represent the partial 
pressures of hydrogen and helium respectively.  DeBoer (1995) further evolved this 
model by using the H2 and He broadening parameters measured by Dutta et al. (1993).  
DeBoer’s original formulation had multiple errors that were corrected (de Pater et al. 
2005).  The variation between the Goodman and DeBoer models is significant under the 
temperature and pressure extremes of the Jovian atmosphere.  That discrepancy, along 
with the lack of measurements of the microwave properties of H2O under high pressure, 
further motivated this work. 
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CHAPTER 3:  LABORATORY MEASUREMENTS OF AMMONIA AND 
WATER VAPOR UNDER JOVIAN CONDITIONS 
The current high-sensitivity microwave measurement system at the Planetary 
Atmospheres Lab of the Georgia Institute of Technology is based on that described 
previously by DeBoer and Steffes (1996), Kolodner and Steffes (1998), Hoffman et al. 
(2001), and more recently by Hanley and Steffes (2005; 2007).  Several improvements to 
the system in the past few years have greatly improved its accuracy and precision.  Most 
important among these is the recently added ability to characterize and compensate for 
molecules that selectively adsorb or adhere to the surfaces in the system.  This laboratory 
system allows characterization of the refractive and absorptive microwave properties of 
various gases and gas mixtures under certain temperatures and pressures found in the 
atmospheres of our solar system’s planets. 
 
3.1 Measurement Theory 
Electromagnetic fields of a uniform wave propagating in a gas mixture in the +z axis 
direction can be represented by 
 ( ) zjzo eeEzE
βα −−=  (3.1) 
 ( ) zjzo eeHzH
βα −−= , (3.2) 
where E0 and H0 are the amplitudes of the electric and magnetic fields and α and β are the 
attenuation and phase constants respectively.  The phase constant is related to the 
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The two properties that affect the transmission of electromagnetic waves through a 
medium are its permittivity (ε) and permeability (µ).  For most cases the permeability is 
purely real, whereas the permittivity has both real and imaginary components ε = ε' – jε".  
These components are mutually dependent via the Kramers-Kronig relations (see, e.g., 
Ramo et al., 1994).  In order to fully utilize these equations to calculate ε' one must have 
knowledge of the value of ε" over all frequencies from zero to infinity and likewise to 
calculate ε" one must also know ε' over all frequencies.  While approximations can be 
used in some cases, such as a piecewise-linear model (Scott et al. 2005), their 
effectiveness is very limited in the bands near absorption lines where any uncertainties 
are compounded.  Measuring these quantities in a laboratory setting most often provides 
more accurate results.   
The attenuation and phase constants for a wave propagating at a frequency of ω 


























































ωβ , (3.5) 
where α is in units of nepers/m and β is in units of radians/m  (Ramo et al. 1994).  Taking 












































δ , (3.7) 
where Qgas is the quality factor of the gas.  For most gas mixtures at microwave 
frequencies, the loss tangent is much less than unity.  This allows further simplification of 











Via equations 3.3 and 3.7, the attenuation constant, hereby referred to as the absorption 






α = . (3.9) 
The method used to measure the microwave absorptivity of a gas is based on the 
lessening in the quality factor (Q) of a resonant mode of a cylindrical cavity in the 
presence of a lossy gas.  This technique involves monitoring the changes in Q of different 
resonances of a cavity resonator in order to determine the refractive index and the 
absorption coefficient of an introduced gas or gas mixture (at those resonant frequencies).  
Described by Bleaney et al. (1947) it has been successfully utilized for over one half of a 
century. (See, e.g., Bleaney and Loubser 1950; Ho et al. 1966; Morris and Parsons 1970; 
Steffes and Eshleman 1981).  The cavity resonator technique for measuring refractivity 
based on frequency shifts has had similar effectiveness. (See, e.g., Birnbaum 1950; Crain 
1948; Essen 1953; Newell and Baird 1965). 
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The cylindrical cavity resonator consists of a section of cylindrical waveguide 
capped at both ends with resonant modes resulting from various standing-wave patterns.  
The Q of a resonance is a unitless quantity defined as  
 
LossPower  Average





  (3.10) 
(Matthaei et al. 1980), where f0 is the frequency of the resonance and can be measured 
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(Matthaei et al. 1980), where mloadedQ  is the measured quality factor of the gas filled 
resonator, Qgas is the quality factor of the gas itself, Qvac is the quality factor of the 
evacuated cavity resonator, and Qext1 and Qext2 represent the external coupling losses from 
the two coupling probes in the resonator.  Since the resonators are essentially symmetric, 
we can assume Qext1 = Qext2.  The Qext value can be calculated by measuring the 
transmissivity of the system, t=10-S/10 where S is the insertion loss of the resonator in 
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(Matthaei et al. 1980), where Qm represents a measured quality factor.  The true Qvac 
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with tloaded and tvac representing the transmissivities of the loaded and vacuum 
measurements respectively.  Calculating Qgas in this manner is slightly flawed, however, 
as this formula does not account for changes in the center frequency of a resonance when 
a gas is present. If measurements are conducted under relatively benign conditions, (e.g., 
270 to 400 K), it is possible to construct a tunable resonator which can be retuned to the 
original resonant frequency when the test gas is present. (See, e.g., Ho et al. 1966; Morris 
and Parsons 1970).  However, under conditions of extreme temperature and pressure it is 
very hard to construct reliable tunable resonators.  If “fixed-tuned” resonators are used, 
the frequency shift, which accompanies the introduction of the gas under test, changes the 
coupling of the resonator and consequently the quality factor, even in the absence of 
opacity.  Even if tunable resonators are used, the refractive effects of the gas under test 
can cause changes in coupling to the resonator, affecting the measured quality factor 
(Morris and Parsons 1970).  Known as dielectric loading, described in greater detail in 
Spilker (1990), this effect requires additional measurements of the quality factor and 
transmissivity of a resonance to be made in the presence of a lossless gas exhibiting the 
same refractive index as that of the gas under test, as originally explained in Bussey and 
Birnbaum (1959).  Using this measurement in place of that made under vacuum 
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conditions in (3.16), substituting into (3.9), and converting from nepers/km to dB/km (1 
Np/km = 2 optical depths/km = 2*10 log10e (≈8.686) dB/km) gives the final formula for 
calculating absorptivity 
























α  (dB/km) (3.17) 
(DeBoer and Steffes 1994), where the wavelength λ has units of km. 
 Like liquids and solids, gases also possess an index of refraction (n).  Since n is 
relatively close to unity for most gases, it is more common to refer to the refractivity of a 
gas (N) defined as 
 ( )1106 −= nN . (3.18) 










= , (3.19) 
where fvac and fgas represent the center frequencies of a resonance measured with the 
system under vacuum and filled with the test gas mixture respectively (Tyler and Howard 
1969).  This represents the refractivity of the entire gas mixture, which is the sum of the 
constituents’ refractivities weighted by their mole fractions.  Refractivity is dependent on 
pressure and temperature and is often presented in a normalized form to exclude these 
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 Although its value is not directly used in calculating absorption or refraction, 
knowing the asymmetry of a particular resonance is helpful in determining whether a 
resonance is corrupted by overlapping resonances of lower Q’s and in calculating the 












=   (3.21) 
(DeBoer and Steffes 1996), with fh, fl, and fc, representing the higher frequency half 
power point, lower frequency half power point, and center frequency of the resonance 
respectively.  Since two overlapping resonant modes might broaden disproportionately 
and give inaccurate results, only resonances with a low asymmetry (typically less than 
5%) are used. 
The center frequency of a TE or TM mode resonance in a cylindrical cavity can 























































where µr and εr are the relative permeability and permittivity of the material inside the 
resonator, c is the speed of light in cm/s, r and h are the radius and height of the resonator 
in cm, qNM is the M
th zero of the Nth order Bessel function of the first kind and pNM is the 
M
th zero of the first derivative of the Nth order Bessel function of the first kind (Pozar 
1998).  A table of the Bessel function and its derivative zeros was calculated in Matlab® 
for the first 32 zeros up to the 50th order and can be found in the external electronic 
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references for this work2.  The subscripts N, M, and L refer to the number of zeros in the 
standing wave patterns in the circumferential, radial and axial dimensions respectively.  
For both TE and TM modes, N can be any integer greater than or equal to zero, while M 
can be any integer greater than zero.  For TE modes, L can be any integer greater than 
zero, while for TM modes, L can be any integer greater than or equal to zero.  These 
formulas give rise to a large number of possible modes with increasing frequency.  A plot 
of the measured spectra of the large cylindrical cavity resonator, described in the next 
section, along with the listing of modes can be seen in Figure 3.1.  Only TE modes are 
measured in these experiments due to their higher quality factors (Q’s). 
 
Figure 3.1: The measured spectrum of the large cylindrical cavity resonator.  Many of the 
modes where N ≠ 0 have been suppressed. 
                                                 
2 Available online at http://users.ece.gatech.edu/~psteffes/palpapers/hanley_data/bessel.xls 
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3.2  System Description 
The current measurement system configuration in use at Georgia Tech is shown in Figure 
3.2.  It is comprised of three major parts: the planetary atmospheric simulator, the 
microwave measurement subsystem, and the data handling subsystem. 
 
3.2.1  Planetary Atmospheric Simulator 
The planetary atmospheric simulator controls and monitors the environment experienced 
by the microwave resonators, including the temperature and pressure conditions for the 
gas under test.  The main component of the atmospheric simulator is a pressure vessel 
capable of withstanding pressures from vacuum to 12 atm with a volume of 
approximately 31 liters.  The vessel is cylindrical and made of type 304 stainless steel 
with a diameter approximately 15” and a detachable top plate sealed by a Viton® O-ring 
and vacuum grease.  The O-ring rests in a groove on a flange connected to the cylinder.  
Both the groove and the top plate have been polished to increase the quality of the seal 
with the O-ring.  The top plate is bolted to the rest of the vessel with eight 1” diameter 
bolts connected through unthreaded holes to washers and nuts and eight 3/8” bolts that 
are threaded into the bottom flange.  The empty pressure vessel is shown next its inverted 
top plate in Figure 3.3. 
Gases are fed into the vessel through a series of regulators and valves.  All 
components in the gas handling subsystem are connected with seamless 3/8” outer 
diameter stainless steel tubing and Swagelok® fittings.  The pressure vessel itself is 
contained in a temperature chamber.  For temperatures between 173 K and 218 K, the 










Figure 3.2: Block diagram of the gaseous microwave measurement system.  Solid lines 
show electrical connections with arrows displaying the direction of signal propagation.  
Small crossed circles represent valves controlling the flow of gases. 
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 programmed to operate any warmer than –55° C, which excludes performing 
measurements in the range of 218 to 290 K.  At warmer temperatures between room 
temperature and 550 K, the vessel is placed in a digitally-controlled electric oven.  The 
controller, an Omega® Series CN77000, operates with a relay in an on/off configuration 
with an adjustable differential.  While this configuration is not as optimal at maintaining 
a constant temperature as a proportional–integral–derivative (PID) controller, the large 
thermal capacity of the system keeps temperature fluctuations inside the pressure vessel 
to below 0.1° C as verified by measurements.  The temperature inside the pressure vessel 
is monitored by an Omega® Model HH21 Microprocessor Thermometer connected to a 
Type-T (copper/copper-nickel) pipe plug thermocouple probe threaded into a ¼ NPT 
fitting on the top of the vessel.  This allows the probe to be in direct contact with the 
gases inside the vessel and provide a more accurate measurement of the temperature 
inside the vessel3.  The thermometer has a resolution of 0.1º and a 3σ accuracy of 0.3% of 
the displayed value ±0.6º C at temperatures below 0º C and 0.1% ±0.6º C at temperatures 
above 0º C.  The thermocouple itself has an accuracy of the greater of 1.0º C or 0.75% of 
the reading. 
Positive pressures in the system are measured by an Omega® DPG7000 Digital 
Test Gauge with a resolution of 1 mbar and a 3σ accuracy of 10 mbar, capable of 
measuring pressures up to 300 psig, whereas pressures below ambient are measured by a 
Hastings Model 760 vacuum gauge with a resolution of 1 torr and a 3σ accuracy of 1 
mbar.  The vacuum gauge also has an analog voltage output, which when connected to a 
                                                 
3 An earlier configuration used a Type-T thermocouple probe inserted into a sealed and capped inverted 
3/8” outer diameter pipe protruding into the vessel, but not in direct contact with the gases inside.  This 
configuration was prone to skewing the temperature reading toward that of the air outside the vessel and 
was replaced for experiments warmer than room temperature.   
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voltmeter can provide sub-millibar resolution which is accurate for differential 
measurements and monitoring leak rates.  For cross-correlation, absolute pressures 
between two bars and vacuum are additionally measured by another DPG7000 Digital 
Test Gauge with a resolution of 0.1 mbar and a 3σ accuracy of 1.0 mbar.  The reading on 
the vacuum gauge is temperature dependent and requires calibration with changes in 
room temperature to maintain its stated accuracy.  The performance of the DPG7000 
gauges is temperature independent within the operating temperature range4 of -18º to 65º 
C, however, the gauges only display the differential pressure between the closed system 
and the room.  This means that the gauge readouts can vary as the ambient pressure 
varies even for the same absolute pressure in the gas system.  To correct for this effect, a 
digital barometer (Davis Weather Monitor II® 7440) with a 3σ accuracy of 1.7 mbar is 
used to measure the ambient pressure.  Additionally, the pressure at the Atlanta, Fulton 
County Airport (approximately 7 miles from the laboratory) is monitored hourly via the 
National Weather Service website (http://www.weather.gov) for cross-correlation. 
A Welch DuoSeal® vacuum pump Model 1376B-01 is used to evacuate the gases 
from the system from 1 bar absolute down to a level of 0.1 mbar.  Gases at higher 
pressures are ventilated through an exhaust valve.  This is especially useful when 
removing large amounts of water vapor from the system as it can condense and become 
trapped in the vacuum pump oil.  This lowers the viscosity of the oil and lessens the 
strength of the vacuum in addition to causing the pump to heat up and possibly seize.  
The exhaust valve is located directly outside of the oven and positioned at a downward 
angle so that any condensed water will be forced out by the pressure of the expelled 
                                                 
















Figure 3.3: The empty pressure vessel next to its inverted top plate.  Note the shelf that 
supports the small resonator and the thermocouple pipe on the top plate. 
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gases.  This keeps the water contamination in the remainder of the connecting pipes and 
vacuum pump to a minimum.   
For safety reasons, a combustible gas detector (GasTech model GP-204) can be 
used to detect leaks from the pressure vessel when the system contains hydrogen.  A T-
shaped glass tube with an inner diameter of 4” capable of withstanding 3 atm of pressure 
is also connected to the gas handling system for mixture sampling and characterization, 
but is maintained at room temperature.  Additionally, a glass cylinder with a volume of 
approximately 7.2 L is connected to the system along with an Analytical Technology, 
Inc. PortaSens II portable gas leak detector capable of detecting trace amounts of gases 
through a series of interchangeable electrochemical cartridge sensors.  The input of the 
detector is connected to a length of Tygon® tubing that samples the gas from the bottom 
of the cylinder, while the output of the detector is fed back into the top of the cylinder as 
can be seen in Figure 3.2. 
For experiments involving the use of water vapor, a type 304 stainless steel pipe 
measuring 18” long and 1.5” in diameter with a volume just over 0.5 L is used as a 
reservoir for liquid water.  It is sealed with a threaded cap on one end and two reducing 
couplings on the other to make it compatible with the 3/8” pipes used for the rest of the 
gas-handling system.  The threaded joints are welded shut to completely seal the pipe and 
a valve is located on the end.  Filling the reservoir involves evacuating the air inside and 
submerging the connecting pipe to siphon from a bottle of deionized, distilled water.  The 





3.2.2  Microwave Measurement Subsystem 
The current microwave measurement subsystem has benefited greatly by continuous 
improvements in the speed, accuracy, and reliability of commercially available 
microwave measurement devices over the past twenty years.  The basics of the 
measurements, however, remain unchanged.  At the heart of this subsystem are two type 
304 stainless steel cylindrical cavity resonators positioned inside the pressure vessel.  
These resonators have been plated with gold, so as to improve the quality factors of their 
resonances, and to prevent reactions with corrosive acid vapors that have been measured 
in previous experiments. (See, e.g., Hanley and Steffes 2005.)  The two resonators with 
their top plates removed can be seen in Figure 3.4. 
The interior dimensions of the larger of the two resonators range from 13.09 to 
13.15 cm in radius and 25.38 to 25.82 cm in height.  This makes it ideal for 
measurements from 1.5 to 8 GHz although higher frequency resonances have been 
measured up to 24 GHz, but with lesser accuracy.  It rests at the bottom of the pressure 
vessel, whereas the smaller resonator, ranging from 2.479 to 2.497 cm in radius and 
4.832 to 5.272 cm in height (internal dimensions), rests on a shelf suspended from the top 
of the pressure vessel.  The small resonator is best used in measurements from 13 to 
25GHz.  Each resonator contains two closed-loop antenna probes mounted on their top 
plates and oriented to maximize the Q or quality factor of TE(0,M,L) modes.  The Q’s for 
most resonances in the large resonator range from 40,000 to 100,000 and in the small 
resonator they range from 10,000 to 30,000. 
Both resonators are connected to hermetically-sealed bulkhead feedthrough 




Figure 3.4: The two cavity resonators with their top plates removed and inverted, 
showing the coupling probes 
 
connectors converted to Type-N at the feedthrough and the small one using SMA 
connectors.  Kings Microwave produced the SMA feedthroughs and CeramTec the Type-
N feedthroughs5.  The CeramTec feedthroughs, made of type 304 stainless steel, contain 
a ceramic-glass dielectric and are rated to 34 bars of pressure and temperatures between 
73 – 498 K.  They are welded to the pressure vessel lid whereas each SMA feedthrough is 
sealed with a Viton® O-ring compressed by a nut threaded on to the connector.  The large 
resonator is connected internally using RG-142B coaxial cables and the small resonator is 
connected by two rigid coaxial cables with a silicon dioxide (SiO2) dielectric designed to 
withstand extreme temperatures with minimal thermal expansion.   
Each resonator has two horizontal slits on their circular sides near their top plates 
that act to suppress unwanted degenerate overlapping TM resonant modes, as well as 
allowing gases to enter their interiors.  Additionally, the top and bottom plates of each 
resonator are isolated about 1.75 mm from the cylinder by a series of Teflon® or ceramic 
                                                 
5 Originally, Type-N feedthroughs by Kings Microwave were used, but it was found that repeated thermal 
cycling caused pressure leaks through their Teflon® dielectric material.   
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(~99.8% Al2O3) washers around the connecting screws, which also increases the surface 
area through which gases can be exchanged between the resonator and the remainder of 
the vessel.  This isolation or mode trap essentially eliminates TE and TM modes that 
require currents to be flowing between the top and bottom plates and the cylinder walls 
including the degenerate TM(1,M,L) modes, similar to the Teflon
® rings used by Kumar et 
al. (1994).  The added space between the cylinder and its end plates, however, allows 
more electromagnetic radiation to leak out of the resonator, even below the cutoff 
frequency of the slots.  This leakage not only lowers the Q’s of the resonances, but can 
increase their asymmetry as the waves reflect off the inside of the pressure vessel and 
couple back into the resonators.  The added interference of this phenomenon is damped 
out by wrapping the two resonators in a stainless steel mesh screen.  Theory predicts that 
higher ordered modes at increasing frequencies should have greater Q’s than the lower 
ordered modes.  While this is true for the resonators without any added spacers, the 
opposite occurs, according to equation 3.10, with the spacers in place as more energy 
escapes the resonators at higher frequencies.  However, maintaining interference-free and 
high-sensitivity resonances is more important at lower frequencies to increase the 
detection threshold of the system, since the opacity of the test gases is proportional to 
frequency squared.  Suppressing the degenerate TM modes greatly improves the accuracy 
and sensitivity of the measurements made on lower frequency TE(0,M,L) modes, therefore, 
the loss of sensitivity at higher frequencies is tolerated.  This effect, shown in Figure 3.5, 
can be seen in the throughput and shape of TE(0,1,1) resonance in the large resonator before 






Figure 3.5: Spectra of the TE(0,1,1) resonance in the large resonator before and after adding 
spacers 
 
The two ports for each resonator are essentially symmetric.  The feed-through 
ports on the pressure vessel are connected internally to the large resonator and externally, 
via low-loss flexible coaxial cables, to a 2-port Agilent E5071C-ENA Vector Network 
Analyzer.  The network analyzer operates from 300 kHz to 8.5 GHz with a high-stability 
timebase (Option 1E5).  The feed-through ports connected internally to the small 
resonator have one port connected externally to the output from an HP 83650B Swept 
Signal Generator and the other to a high-resolution HP 8564E Spectrum Analyzer both 
via flexible, low-loss, high frequency coaxial cables.  A number of ferrite isolators can be 
placed between the signal generator and the small resonator to provide a minimum of 10 
dB of isolation for measurements up to 26.5 GHz.  At higher frequencies, the cables 
themselves provide enough isolation from reflected signals due to their attenuation.  Two 






Figure 3.6: Large resonator (left) and small resonator (right) assembled with dielectric 
spacers 
 
manufactured by Aertech and the other at K-band (18-26.5 GHz) by Pasternack6.  All 
SMA connections are tightened with a calibrated 8 in-lb torque wrench to ensure reliable 
connections.   
The detector within the spectrum analyzer operates in a positive peak mode, 
which displays the maximum power level received during the integration time of each 
point on each individual sweep.  This mode is used primarily because it maximizes the 
data return to the computer.  The normal mode detects both the high and low signal 
(noise floor) intensities at each frequency point, but when transferring to the computer, 
                                                 
6 After repeated usage it was discovered that the Aertech isolator’s insertion loss was overly sensitive to 
external magnetic fields, which varied with its orientation, so it was replaced with the better-shielded 
Pasternack isolator for use from X-band through K-band. 
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the spectrum analyzer is limited to 601 points in both the frequency and amplitude axes.  
In this mode, the peak level data becomes interspersed with the noise floor data, which 
would result in only half the data transferred being of practical use for these 
measurements and consequently would halve the frequency resolution.  The network 
analyzer, on the other hand, offers variable and higher resolution (up to 1601 points) and 
does not suffer degradation due to its detection mode. 
The signal generator and spectrum analyzer can also be connected to a Fabry-
Perot resonator contained in the glass tube tee that operates at K/Ka-band from 22 to 40 
GHz.  The Fabry-Perot resonator is similar to that used by Mohammed and Steffes (2003) 
and Joiner et al. (1989) and consists of two gold-plated mirrors each 3.5” in diameter.  
One mirror is flat and contains two symmetric WR-28 waveguide ports and the other 
mirror is concave with a focal length around 20 cm.  The position of the concave mirror 
is adjustable via a tuning screw and by adding standoffs between the mirror and the plate 
that supports it.  The distance between the mirrors can be varied from 0 to 23 cm.  
However, additional resonances caused by reflections from the glass pressure-vessel 
endplates and scattering around the edges of the mirrors corrupt the spectrum when the 
mirrors are spaced farther apart.  This places the optimum spacing somewhere between 5 
and 6 cm, where the concave mirror acts as more of a flat mirror, and leads to resonances 
being spaced 2.5 – 3 GHz apart with Q’s ranging from 5,700 to 13,300.  The dramatic 
difference in the frequency response of the Fabry-Perot resonator with mirror position 
can be seen in Figure 3.7.  By moving the mirrors closer together, the throughput at the 
resonant frequencies is increased by about 10 dB and the signal to noise increases by at 
least 20 dB for resonances below 30 GHz.  The smaller amplitude higher frequency 
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“harmonic” resonant peaks for the 5.85 cm spacing are actually the result of the concave 
mirror being placed much closer than its focal distance.  These peaks are far enough away 
from the main resonances, however, that any overlapping effects can be ignored. 
The waveguides are connected to waveguide-to-coaxial SMA adapters, which are 
connected to 2’-long high-frequency flexible coaxial cables. As will be discussed, this 
resonator can be used to verify the mixing ratio of ammonia mixtures, which may have 
been modified by selective adsorption of polar constituents to the walls of the large 
pressure vessel and cylindrical cavity resonators.  The Fabry-Perot resonator can be seen 
in Figure 3.8. 
 
3.2.3  Data Handling Subsystem 
The data acquisition subsystem consists of a laptop computer connected to the spectrum 
analyzer, network analyzer, and swept signal generator via a general purpose interface 
bus (GPIB) connected to a National Instruments NI-488.2 interface card.  The suite of 
instruments is controlled via Matlab® and the Standard Commands for Programmable 
Instruments (SCPI) and HP BASIC languages.  The primary function of the software is to 
control the instruments and retrieve resonance data from either the spectrum analyzer or 
network analyzer in the form of received power as a function of frequency.  Each 
resonance is viewed with the amplitude axis extending over a 10 dB range and with the 
frequency axis being approximately twice the half-power bandwidth.  This “zooming-in” 
on each resonance allows the best resolution without spreading the resonance over 
multiple screen widths.  The resolution bandwidth (RB) of the spectrum analyzer is set to 








Figure 3.7: The spectra of the K/Ka-band Fabry-Perot resonator at vacuum at two 
different mirror distances.  The 21.1 cm spacing appears colored-in because it was 
measured with the unsynchronized spectrum analyzer, whereas the 5.85 cm spacing was 




Figure 3.8: The K/Ka-band Fabry-Perot resonator, with its mirrors spaced 5.85 cm apart, 
used for measuring NH3 concentrations.  Note the flexible pipe used to limit the coupling 
of vibration from the vacuum pump to the resonator.  The wire at the top of the resonator 




resonance’s broadest condition during the experiment.  The value of RB is limited to 1 or 
3 times any integer power of ten within the specifications of the device and is kept 
constant for all measurements of a specific resonance.  The video bandwidth (VB) is set 
to 1/10th of the resolution bandwidth, to provide some filtering of the signal.  The 
software used is similar to the PCSA program created by DeBoer and Steffes (1996) but 
with the added flexibility of Matlab® and the ability to process the incoming data to 
directly calculate absorptivity and refractivity along with storing all raw data sets. 
One problem that arises with the measurements taken using the spectrum analyzer 
is due to sweep-on-scan nulls.  When it is not possible to synchronize the swept signal 
generator to the spectrum analyzer, the signal generator is set to sweep at a fast pace 
while the spectrum analyzer is set at a slower rate.  The sweep rate for the signal 
generator is set to 75 ms at which the device can put out a stable power level at all 
frequencies used.  It can be made to sweep as fast as 10ms, but the detected signal is 
noisier.  Although the sweep time is 75 ms per sweep, there can be up to a 100ms delay 
between individual sweeps, depending on the frequency.  In order for the spectrum 
analyzer to detect the signal in each measurement bin reliably, there must be a dwell time 
of at least ~175 ms during each of the 601 frequency measurement bins, which would 
require nearly two minutes per sweep.  For each resonance measurement it is beneficial 
to take multiple sweeps to decrease variance, so it is optimal to have shorter, more 
frequent sweeps and to use the computer to average the results.  If we limit the amount of 
time for each measurement to 200 seconds, the standard deviation of the set of 
measurements weighted by the statistical confidence coefficient seems to be minimized 
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for 5 sweeps of 40 seconds each.  The data from each set of sweeps is saved in a unique 
file.  An example plot of the raw data from one of these sweeps can be seen in Figure 3.9. 
To utilize the data taken with the spectrum analyzer, the points where the input 
signal was not fully detected must be filtered out.  Most of the time, the value of these 
points is equal to the baseline noise power of the measurement range and allows for easy 
filtering.  However, because the input power is a swept Gaussian signal, there are times 
where the peak of the input signal is not detected within the resolution bandwidth of a 
data point, but some fraction of the signal is.  These erroneous data points are more 
difficult to remove because their behavior is less predictable.  To compensate for this, an 
algorithm is run to fill in all 601 data points as though they detected the peak of the swept 
input signal.  The algorithm sets the value of each point equal to the average of the four 
nearest points (two higher and two lower) if it is less than that average.  For the points 
within two of either end, the average is performed on fewer than four points to avoid the 
curve being leveled at the edges.  This is done until an iteration is reached where the 
change at every point is less than 0.01% or a maximum number of 15 iterations has been 
reached.  This corrects all the original null points but does not account for noisy spikes 
that stand above the good data.  To compensate for these, the same algorithm is used, 
except that it only changes points that are greater than the average of the four nearest 
points until the change is less than 5% or a maximum of 10 iterations.  Finally the data 
are smoothed once more with another four-point averaging filter where every point is set 
equal to the 4-point average until the change is less than 0.1% or a maximum of 5 
iterations.  This method, however, does not accurately measure the peak value of the 








Figure 3.9: Spectrum analyzer output with a 40 second sweep time.  The large number of 
data points at –45 dB result from sweep-on-scan nulls.  The four intermediate valued 
points are the result of partial overlap of the swept signal with the spectrum analyzer’s 
Gaussian detector.  
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the span, which occurs most often for dielectric matching of high opacity measurements.  
An averaging filter such as this would tend to level the data and if run through enough 
iterations, would eventually turn it into a horizontal line.  Instead, this algorithm is 
merely used to detect which of the original 601 points received the peak power of the 
swept signal source.  This is done by comparing the original data to the data from the 
algorithm and excluding the points where the difference between the two is greater than 
0.1 dB.  Note that the number of valid data points is typically between 200 and 250 of the 
601 points returned by the spectrum analyzer in one sweep due to the sweep-on-scan 
effects.   
A cubic smoothing spline, Matlab® function csaps or Fortran SMOOTH (de Boor 
2001), with a relatively high smoothing factor is used to create a polynomial function to 
represent the valid data from spectrum analyzer, or any data taken by the network 
analyzer (which does not suffer from sweep-on-scan nulls).  This allows a 
mathematically precise estimate of the peak value of the resonance and the corresponding 
half power or –3 dB points.  A sample plot of the data fitted with smoothing splines using 
various smoothing parameters is shown in Figure 3.10.  The software calculates the 
center frequency, half-power bandwidth, power level at the peak, asymmetry, and Q of 
each sweep and produces results for the mean and standard deviation of those values to 
another program which utilizes all the data taken during an experiment to calculate the 
measured absorptivities and refractivities and their corresponding uncertainties. 
An effort was made to fit the spectrum of a resonance to its expected Lorentzian 
lineshape.  A code was written to calculate the best fit of a Lorentz lineshape to the data.  







Figure 3.10: A close-up of the same data as Figure 3.9 fitted with the cubic smoothing 
spline using various smoothing parameters (p).  As p goes to zero, the smoothed data 
become a straight line equivalent to a linear regression across the data set.  The value of p 
used in the data processing is typically the default value calculated by Matlab (shown in 
red), divided by 103 or 104, as determined by limiting the overall average change in the 
peak amplitude to 0.02 dB. 
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at half-width, half-max (BWHWHF) in equation 3.24 were optimized to minimize the 






































log)(_ π . (3.24) 
While this approach worked quite well for resonances low in frequency such as the 
TE(0,1,1) mode in the large cylindrical resonator, the results were less accurate for higher 
frequency, more asymmetric resonances.  This is primarily a result of the assumed perfect 
symmetry of the Lorentz lineshape.  When fitting a Lorentzian lineshape to an 
asymmetric resonance, the calculated fcenter value becomes skewed toward the broader 
side of the resonance along with lowering the amplitude of the resonance.  Even in cases 
of relatively small asymmetry, this effect can significantly affect the calculated opacity 
values.  In theory it could be possible to fit a Lorentz lineshape to every resonance in the 
spectrum of the resonator and subtract off the asymmetric overlapping effects from each 
resonance on each other.  In reality, however, this task in computationally intensive and 
requires different BWHWHM values for each resonance due to the frequency dependence of 
the opacity of the measured gas.  This, combined with any potential defects in the shape 
of the resonator or energy leakage through the openings, makes the cubic smoothing 
spline a much more practical and effective method. 
When it is possible to synchronize the swept signal generator with the spectrum 
analyzer, much greater resolution can be obtained, and much faster sweep times may be 
used.  This is done with the use of an external waveform generator connected to the 
triggering inputs of the two devices.  The waveform generator sends a square-wave signal 
to trigger the spectrum analyzer and signal generator to synchronously sweep.  Merely 
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sending the trigger signal simultaneously is not sufficient for the devices to synchronize, 
since the processing delays internal to the devices are different.  To compensate for this, 
the span of the signal generator is made 1.5% larger than the span of the spectrum 
analyzer.  The sweep time of the swept signal generator is set to 1 s and the sweep time of 
the spectrum analyzer is set to 975 ms.  These sweep times, when combined with 
processing delays on the order of 0.5 to 0.75 s, allow the triggering frequency to be set to 
0.55 Hz, triggering the devices to sweep every 1.82 s.  The resolution and video 
bandwidths of the spectrum analyzer are set to 10 times higher than their unsynchronized 
values to increase the ability of the spectrum analyzer to detect the swept signal.  This 
method produces fairly accurate and much faster results, but is not always reliable.  The 
amplitude of the detected signal has a greater variance than encountered using the 
unsynchronized mode and the wings of the resonance are not always consistent.  This 
requires monitoring the data sweeps and disregarding those that did not completely 
synchronize.  A measurement of the opacity of NH3 at 184 K was performed using the 
spectrum analyzer and signal generator in synchronized and unsynchronized modes along 
with the network analyzer (for resonances below 8.5 GHz), and the results were 
consistent for all three methods.  The measurement uncertainties of the network analyzer 
were the lowest, and the synchronized and unsynchronized uncertainties were essentially 
equal.  The variability of the synchronized method, however, excluded its use for future 
high-accuracy measurements, although greater time savings have resulted from using the 
method for finding resonances and performing dielectric matching. 
The measurements taken with the network analyzer are much quicker and require 
less processing.  The network analyzer is capable of generating 60 synchronized data 
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sweeps in a single second at 1601 points of resolution.  These 60 sweeps (30 each of S12 
and S21) are saved to the laptop and then undergo the same processing to calculate the 
average and standard deviation of the center frequency, half-power bandwidth, power 
level, asymmetry, and Q. 
 
3.3  Measurement Procedure 
The first step of any experiment is to make sure the gas handling system is sufficiently 
leak-proof.  Any major leaks will add to the uncertainty of the experiment and in the case 
of toxic or flammable gases present a health hazard.  The most difficult component to 
seal is the pressure vessel.  The top is tightened with up to 350 ft-lbs of torque on the 
large bolts at room temperature before it is placed in the temperature chamber.  For warm 
experiments, the expansion of the metal creates a better seal, but the contrary is true at 
colder temperatures.  For cold experiments the vessel is cooled to -55º C, the warmest 
temperature the freezer can maintain, and then it is removed from the freezer and 
immediately tightened again.  Although the seal on the vessel is worse at experiments 
conducted as cold as -100º C any attempt to tighten the vessel at these temperatures could 
crack the Viton® O-ring.  Additional tightening of the pressure vessel is performed with 
the vessel evacuated, which, given the approximately 200 square inches of surface area 
on its top plate, lends an additional 3000 lbs of compression force due to normal 
atmospheric pressure.  Any leaky connections throughout the gas-handling system are 
detected at higher positive pressures using a soap-water solution to create bubbles. 
With the system sealed, a series of experiments can be performed.  A typical 
experiment consists of characterizing a gas or gas mixture at a fixed temperature across a 
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range of frequencies for various pressures.  Due to the large thermal time constant of the 
system, changing temperatures during an experiment is too time consuming and 
impractical.  However, this does provide smaller temperature fluctuations (typically no 
more than 1˚ C) throughout the duration of an experiment.  Changes in pressure can cause 
slight changes in temperature as well as mixing ratio in the case of mixtures where some 
components adsorb and desorb more than others.  This means that significantly changing 
pressures (more than +/- 100 mbar) requires allowing the system time to stabilize for 
anywhere from an hour to almost a day depending on the magnitude of the pressure 
change and the temperature of the experiment.  The convenience of the network analyzer, 
signal generator, and spectrum analyzer make changing measurement frequencies almost 
instantaneous.  Therefore, it becomes most efficient to measure a number of resonances 
once the system has stabilized at a specific temperature and pressure (TP).  To ensure TP 
stabilization and thorough mixing of the gas(es) throughout the test chambers, the Q’s of 
a number of resonances are monitored from the beginning of any pressure modification 
until the change in Q with respect to time (dQ/dt) is essentially zero or equivalent to a 
tolerable leak rate.  This method is most accurate when small changes in temperature and 
mixing ratio measurably affect the microwave opacity, or in the pressure vessel where the 
mixing ratio of the gas in the large cylindrical cavity resonator is not yet equal to that in 
the small cylindrical cavity resonator. 
When trying to characterize the pressure-broadening effects of one or more 
lossless gases on the opacity of a microwave absorbing gas, it is necessary to measure a 
mixture of the gases, since inter-molecular collisions cannot always be accurately 
theoretically characterized.  Certified gas mixtures can be ordered to fairly accurate 
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specifications through most major gas suppliers, but if the goal of a series of experiments 
is to characterize the effects of different concentrations of the individual components, 
then it becomes more practical to use cylinders of pure gases and mix them in the 
measurement system using the pressure gauges to measure the amounts of each gas.  
When dealing with gases that have a strong tendency to adsorb to surfaces, such as 
molecules with a large dipole moment (i.e. H2O and NH3), certain precautions must be 
taken to ensure accurate production of a mixture.  Since the abundances of typical 
microwave absorbers such as NH3, H2O, H2S, SO2 and PH3 are usually much less than 
1% in planetary atmospheres, realistic characterization (provided the opacity exceeds the 
sensitivity of the system) places the mole fraction of any one of these gases in the 
minority.  This means that adsorption of these components can have drastic effects on the 
measurements if not properly accounted for. 
For example, as a mixture of ammonia, hydrogen, and helium is added to the 
pressure vessel, it migrates through inlet gaps into the two cavity resonators.  The 
surface-to-volume ratio of the pressure vessel and the two resonators are each different, 
as in Table 3.1.  Thus, the time scales for reaching a stable mixing ratio throughout the 
two resonators and within the pressure vessel itself vary significantly.  Since the large 
resonator has the smallest surface-to-volume ratio, it initially encounters less percentage 
ammonia adsorption (and therefore a higher ammonia mixing ratio, indicated by a lower 
quality factor of its resonances).  By monitoring the quality factor of the resonator, it is 
possible to determine the time scale of the mixing process within the multi-resonator 
system whereby a uniform mixing ratio is reached.  As shown in Figure 3.11, mixing 
ratio equilibration in the large resonator at 217 K for a mixture of ~1% NH3 occurs over a 
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Table 3.1: Surface areas and volumes for the various regions inside the pressure vessel 
 Volume (cm3) Surface Area (cm2) SA / V Ratio 
Small resonator 102 117 1.14 
Large resonator 13,919 3179 0.23 
Remainder of vessel ~ 18,000 ~ 9000  ~ 0.50 
 
 
period of approximately 15 hours.  In the small resonator, the strong effect of the 
adsorption of ammonia is visible during the first hour after the gas mixture is introduced, 
as shown in Figure 3.12.  However, once the sites on the metallic surface are occupied, 
no additional adsorption occurs.  As equilibrium is reached with the gas contained in the 
remainder of the pressure vessel (where adsorption is less significant), the mixing ratio of 
ammonia rises (resulting in a lower quality factor). 
The curves shown in Figures 3.11 and 3.12 represent the extreme case of the 
resonators without spacers/mode traps, operating at a cold temperature and high pressure.  
Typical equilibration times are on the order of 10 hours for room temperature 
measurements and even less for higher temperatures.  For venting from higher pressures 
to lower pressures during an experiment, the equilibration times to allow for desorption 
are usually less than 5 hours. 
The best way to create mixtures with small amounts of adsorbing constituents is 
to add those constituents to the system first and allow them to saturate the surfaces where 
they adsorb until equilibrium is reached between the amount of gas adsorbed, the surface 
coverage of the adsorption, and the partial pressure of the remaining adsorbate gas.  At 
this point the rates of adsorption and desorption are equal.  Although the majority of the 







Figure 3.11: Measured Q of 4.151 GHz resonance in the large cylindrical cavity resonator 
as a function of time after a mixture of ~1% NH3, 13.5% He, and 85.5% H2 has been 
added to the pressure vessel at a temperature of 216 K and pressure of 6 bars.  The 
increasing Q is due to the lessening of the opacity of the mixture caused mainly by two 
factors: the microwave absorber (NH3) adsorbing or adhering to the sides of the test 
chambers and more thorough mixing of the gas between the two resonators and the 







Figure 3.12: Measured Q of 17.53 GHz resonance in the small cylindrical cavity 
resonator as a function of time after a mixture of ~1% NH3, 13.5% He, and 85.5% H2 has 
been added to the pressure vessel at a temperature of 216 K and pressure of 6 bars.  The 
sharp rise in Q results from NH3 adsorption in the small resonator, whereas the 
accompanying decrease is caused by mixing throughout the vessel where the NH3 
concentration is greater. 
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hours after admission to the system depending on the pressure of the gas and the texture 
of the adsorbent surfaces.  Once equilibrium is reached at the desired pressure of the 
adsorbing gas, additional gases are added until the maximum total pressure is reached 
(usually 3, 6, or 12 bars depending on the experiment).  Additional lower pressures are 
achieved by venting or vacuuming the gas mixture from this point. 
The uncertainty in knowledge of the mole fractions of each gas can be directly 
mapped to the uncertainty of the pressure or vacuum gauge used to measure each 
component.  The greatest uncertainty usually lies in the mole fraction of the least 
abundant component, in this case NH3 or H2O.  One way of reducing this is to create a 
mixture with a larger concentration of that component and then perform a series of 
dilutions.  Unfortunately, if any of the constituents are strong adsorbers, which ammonia 
and water vapor are, diluting the mixture would cause a shift in the adsorption/desorption 
equilibrium since the partial pressure of that gas would decrease.  This would lead to 
additional desorption and disproportionately increase the concentration of that gas.  
Therefore dilution can only be performed with non-polar gases.  The desorption that 
occurs with a drop in partial pressure means that the measured mixing ratio at the original 
highest pressure will be less than that at lower pressures.  To measure these mixing ratios 
in experiments performed in the pressure vessel, a small gas sample is drawn into the 
Fabry-Perot resonator and characterized from 22 – 40 GHz at 6 or 7 resonances.  These 
data can be compared to that taken with known concentrations, or calculated using a 
model, provided an accurate one exists.  Although the Fabry-Perot resonator is 
maintained at room temperature and is mostly glass, significant adsorption can still occur 
even there.  This occurs not only on the metallic surfaces (mirrors, end plates, standoffs, 
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and waveguides), but also on the borosilicate (Pyrex®) glass, due to pairs of free 
unbonded electrons on the boron atoms.  In order to compensate for this adsorption, a gas 
sample is introduced and allowed to equilibrate (adsorb), then half is removed and 
replaced with a fresh sample.  This is repeated three or four times until the dQ/dt of the 
resonances in the Fabry-Perot resonator is no longer significant.  At this point, the 
concentration of each gas in the pressure vessel is essentially equal to that in the Fabry-
Perot resonator and the characterization from 22 – 40 GHz can be performed.  A plot of 
the Q tracking for this procedure can be seen in Figure 3.13. 
When an experiment is conducted using the Fabry-Perot resonator as the primary 
measurement tool, then a mixture is created at a higher pressure (6 – 12 bars) in the 
pressure vessel as previously described.  This mixture can then be vented into the Fabry-
Perot resonator and measured starting with the lower pressures and increasing, each time 
using the replace-half technique to compensate for adsorption in the Fabry-Perot system.  
This works without significant desorption in the pressure vessel because its volume is 
approximately 8 times that of the Fabry-Perot system, so the overall pressure change is 
relatively small.  Nonetheless, it is best to measure samples at the lower pressures of an 
experiment in the Fabry-Perot resonator first and then the higher pressures.  
After the gas or gas mixture has been measured at all the desired pressures of an 
experiment, a vacuum is drawn and the system is flushed a number of times with argon 
over a period of a few days.  This ensures any adsorbed gases are removed so that when 
dielectric matching is performed, the gas present, argon, is lossless and does not contain 
any desorbed lossy gases.  To double check that this is the case, argon is added to the 








Figure 3.13: Tracking the Q of a 1% NH3, 13.5% He, and 85.5% H2 mixture at 1 bar.  
This data was taken with a 40 GHz network analyzer that allowed faster measurement 
times.  The same patterns can be seen in the data taken with the spectrum analyzer, albeit 
with fewer points. 
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detection chamber to a level of 0.5 bar and mixed with ambient air to provide the 
minimum 5% oxygen required by the electrochemical sensor cell.  This gas is 
continuously circled through the detector and the level of the adsorbate gas is measured 
in parts per million (ppm).  Once the threshold of gas detection can no longer be reached 
(30 ppm for NH3), the system is considered purged.  As an added precaution, argon that 
is used during dielectric matching is not allowed to stand in the system for more than 6 
hours without being replaced with fresh argon from the cylinder tank. 
For a number of reasons, the gas detector is not used to directly measure the 
concentration of NH3 gas mixtures from any experiments.  As previously stated, the 
electrochemical cell requires at least 5% O2, which is not present in any of the gas 
mixtures used in these experiments.  Additionally, two percent of all H2 molecules fed 
through the detector register a false positive for NH3, while the maximum detectable 
concentration of NH3 is only 0.2%, much lower than most concentrations used.  Also, the 
detection chamber is made of Pyrex® or borosilicate glass, so NH3 adsorption must be 
considered.  Lastly, the chemical reaction in the sensor depletes the detector cartridge, 
which can only measure a finite amount of NH3 in its lifetime and is designed around 
occasional detections of very small concentrations.  The combination of these effects 
raises the uncertainties in concentration well beyond levels achieved through other 
methods, not to mention the additional cost (from replacement cartridges).  Some 
ammonia analyzers exist that use non-reactive infrared sensors with heated sample lines 
to mitigate adsorption, but they are mostly designed for large volume gas applications 
such as monitoring smokestack emissions.  (See, e.g., California Analytical Instruments 
Model 701 Ammonia Slip Analyzer).  They can also be quite costly and still only offer 
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accuracies on the order of 2%.  An attempt was even made to process a sample of NH3 
gas mixture through a quadrupole mass spectrometer via the assistance of colleagues in 
the School of Chemistry and Biochemistry, but the extremely low pressures involved 
only compounded the extent of ammonia adsorbing to the inside of the spectrometer.  
Coincidentally, this same effect occurred with the Galileo Probe Mass Spectrometer at 
Jupiter (Atreya et al. 2003). 
Before any gases are added to the system, all the resonances of the system are 
measured under vacuum to create a baseline.  The pressure gauges are zeroed to each 
other and to read minus one bar at vacuum.  The ambient pressure is read from the 
barometer and noted.  This reading is used for calibrating out any effect of variance in 
ambient pressure over the duration of an experiment.  Since the ambient pressure 
readings are only used as a differential, there is no need to calibrate the barometer 
readings (which are relative to pressure at sea level) to account for the elevation of the 
laboratory.  After the test gas(es) have been measured and the system has been purged, a 
second vacuum measurement is performed.  Software calculates the frequency to which 
each resonance shifted while the system was loaded with the test gas.  The software then 
prompts the user to add argon to the system until each resonance has shifted to that same 
frequency and a dielectrically matched measurement is taken.  This usually requires a 
slightly different pressure of argon for each resonance depending on the structure of the 
absorption spectrum of the gas(es)7.  The dielectric matched measurement is always 
performed at a temperature within 0.5 K of the original test gas mixture.  After the end of 
                                                 
7Ideally, the dielectric matched measurement would be taken using the broadening gases (H2/He) to remove 
any effects they may have on the opacity.  Problems arise, however, in that hydrogen and helium are much 
less refractive at microwaves than the water vapor or ammonia.  Trying to dielectrically match a mixture of 
H2, He and NH3 or H2O with only H2 and He requires a greater pressure.  Since some measurements are 
already conducted near the maximum safe pressure of the vessel, the more refractive argon is instead used. 
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the dielectric matching, a third vacuum measurement is performed to check that the Q’s 
of each resonance have returned to their pre-experiment values.  Next, the cables are 
disconnected from the pressure vessel and connected together via a female-to-female 
Type-N or SMA connector, with the cable-to-cable connection kept inside of the thermal 
chamber.  The straight-through transmissivities of the cables are then measured in the 
system under the same conditions (i.e. center frequency, span, RBW, etc.) as each 
pressure/frequency point of the test gas(es).  The transmissivity measurements consist of 
multiple sweeps for each resonance and are measured two more separate times to 
conclude the experiment and better statistically characterize the reproducibility of the 
electrical connections.  Each additional transmissivity measurement is performed after 
disconnecting and reconnecting the cables8. 
The digital pressure gauges cannot be operated inside the oven, so they must 
remain connected to the system at room temperature.  This creates a problem with 
reading the pressures of warm gas mixtures containing components that would condense 
at room temperature, such as water vapor.  This is not a concern for experiments with 
NH3 since the amounts used are low relative to saturation and the gauges can be left in 
contact with the gas mixture.  A different protocol, however, has been developed for 
reading the pressures of warm mixtures containing water vapor.  The pressure vessel is 
sealed off from the external piping system via a valve internal to the oven.  Water is first 
added to the evacuated pressure vessel in small amounts by quickly opening and closing 
the valve on the water reservoir.  The shift in center frequency is monitored using the 
                                                 
8 For the majority of the measurements in this work, a transmissivity measurement was performed before 
the second vacuum measurement.  The greatest measurement accuracy, however, is achieved by not 
changing any of the electrical connections between the loaded and dielectrically matched measurements.  
Since the added uncertainty of disconnection and reconnection is fairly small, the uncertainties in 
transmissivity stated here are believed to be accurate. 
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TE(0,1,1) mode in the large cavity resonator to approximate the amount of water added.  
Once the target amount is reached, the system is allowed to stabilize and a measurement 
of the opacity of pure water vapor is performed.  Then a small amount of broadening gas, 
in this case a H2/He mixture, is added to the pipe connecting the pressure gauges to the 
pressure vessel to a pressure known to be greater than that in the pressure vessel, but not 
that much greater.  Then while monitoring the reading on the pressure gauge, the valve 
between the pressure vessel and the pressure gauges is opened and the pressure quickly 
read before closing the valve again.  The pressure reading stabilizes in less than a second, 
so the possibility of any significant amount of water vapor entering the pipes to the 
pressure gauges is very low.  Since the volume of the pipe between the pressure gauges 
and vessel is very small relative to the volume of the pressure vessel and the pressure 
difference should be relatively small (less than 0.5 bar), no additional corrections need to 
be made to calculate the true pressure in the vessel prior to opening the pipe.  After 
reading the pressure, additional broadening gas (H2/He) is slowly added to the system.  
The flow is controlled via two needle valves, the one internal to the oven between the 
pressure gauges and the pressure vessel and the other between the pressure gauges and 
the gas cylinder.  The former valve is opened fully and the latter valve is opened very 
slightly, about a 10° turn of the knob, to allow gas to flow at a slow, but steady rate.  This 
allows directly reading the pressure in the vessel without allowing water to enter the 
piping due to the influx of H2/He.  Once the target pressure is reached, the internal valve 
is immediately closed, followed by the other valve.  This also leaves enough gas in the 
pressure gauge pipe for the next pressure reading after the gas in the vessel has stabilized 
and been measured. This procedure is repeated for each desired pressure and works well 
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as long as the system is well sealed.  In this case, a leak rate of less than 5 mbar per day at 
a pressure of 12 bars has been achieved at room temperature and warmer. 
 
3.4  Data Processing 
The data processing begins after an experiment has been completed.  Software has been 
created that loads the experimental data, runs the smoothing algorithms, and calculates 
the absorptivity and refractivity of the test gas at the measured frequencies, pressures, 
temperature and mole fraction.  A full description of the software can be found in 
Appendix B.  The processing is broken down into two comparable routines, one for data 
taken with the spectrum analyzer and one for data taken with the network analyzer.  The 
shape of any major variation in cable transmissivity over the frequency range of a 
resonance is deconvolved from the measured sweeps.  Since this effect is quite small for 
resonances below 8.5 GHz, it is omitted for ease of calculation.  The loss of the cables at 
the center frequency of each resonance under each pressure condition is calculated by 
averaging the values of the mean of each set of sweeps from the three transmissivity 
measurements.  Additionally, the transmissivity of the cables inside the pressure vessel or 
the waveguides on the Fabry-Perot resonator must be considered.  Since there is no easy 
way to measure these quantities without disassembling the chambers, no attempt was 
made to measure their effects until all the measurements of both NH3 and H2O were 
completed.  At that point, the cables internal to the pressure vessel were measured in line 
with their feedthroughs to characterize the additional loss over the entire frequency band 
of operation.  Another cubic spline was used to create a piecewise mathematical function 
of the loss in the internal cables of the pressure vessel for both the cables connecting the 
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small resonator and the large resonator.  This function was used to generate an additional 
cabling loss at each measurement frequency that was added to the loss of the cables 
external to the vessel.  The loss of the waveguides and waveguide-to-coax adapters in the 
Fabry-Perot resonator was measured with a resolution of 0.1 dB near the frequencies of 
the resonances used.  The overall cabling or waveguide loss is subtracted from the peak 
power measured from the test gas and matching gas and the results are the loaded 
insertion loss (Sl) and matched insertion loss (Sm) respectively.  These quantities are then 
used to generate tloaded and tmatched for equation 3.17. 
The measured bandwidth is a function of the resolution bandwidth (RBW) and the 
filter response of the spectrum analyzer, which is assumed to be Gaussian.  To correct for 
this effect, the following is applied: 
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RBWBWBW measuredactual −= , (3.25) 
where BWactual is used for BW in (3.11).  This correction is not necessary for 
measurements using the network analyzer, since it is programmed to display the true 
response of the device under test.  As mentioned previously, an experiment comparing 
the network analyzer performance to the spectrum analyzer showed that the two give 
consistent results with the data processing methods described herein.   
 
3.4.1 Absorptivity 
There are five uncertainties for any absorptivity measurement using this system: 
instrumentation errors and electrical noise (Errinst), errors in dielectric matching (Errdiel), 
errors in transmissivity measurement (Errtrans), errors due to resonance asymmetry 
(Errasym), and errors in measurement conditions (Errcond) resulting from uncertainty in 
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temperature, pressure and mixing ratio.  The term Err is used for representing 
uncertainties instead of the more frequently used σ to avoid confusion between 1σ, 2σ, 
and 3σ uncertainties. 
The instrumentation errors and electrical noise result from the fact that none of 
the measurement devices used are perfect.  Each has inherent limitations that arise from 
the noise of their internal electronics and the accuracies of their frequency references.  
For measurements made with the HP 8564E Spectrum Analyzer the two quantities of 
interest are the uncertainty in center frequency (Err0) and half-power bandwidth (Err∆).  
The manufacturer-specified uncertainties are assumed to be 3σ values and are calculated 
per Hewlett-Packard (1997): 
 ( )1001.015.0_0 +×+×+×±< SPANRBWffErr measuredaccuracyreference  (3.26) 
 ( )LSDNBWfErr measuredaccuracyreference ×+×+×±<∆ 24_ , (3.27) 
where RBW is the resolution bandwidth, N is the mixer integer, and LSD is the least 
significant digit of the measured value.  The mixer integer (N) is dependent on the 
frequency band measured and has values ranging from 1 to 8.  The least significant digit 
(LSD) is calculated as 
 
x
LSD 10= , (3.28) 
for the smallest non-negative integer value of x such that 
410 +< xSPAN .  These formulas 
assume that NMHzSPAN ×≤ 2 .  For situations where this is not the case, the 0.01 value 










where all variables have units of Hz, except for N and LSD, which are unitless.  There is 
also a 3σ uncertainty in the value of the resolution bandwidth of ±10%, however, this 
only changes the value of equation 3.25 by less than 0.01%.  It should be noted that the 
uncertainties presented above are the given specifications of the spectrum analyzer.  The 
instrument is typically more accurate than this.  Upon calibration after usage of more than 
seven years, the spectrum analyzer required no tuning and performed completely within 
the original specifications.  Nonetheless, the previous formulas represent the worst-case 
condition. 
For measurements using the Agilent E5071C-ENA Vector Network Analyzer, the 
absolute frequency accuracy is 1 part per million (ppm) or 0.0001% of the frequency 
reading.  The 3σ stability of the frequency is 0.05 ppm plus 0.5 ppm/year within the 
temperature range of 18° C to 28° C and after a 90-minute warm-up period.  The relative 
uncertainty in frequency is of greater concern than the absolute uncertainty, since the 
measurements are essentially differential with respect to frequency given an uncertainty 
as low as 1 ppm.  Therefore (Err0) is calculated as 
 ( )d_calibratesinceyears_fErr measured ××+××= −− 780 105105  (Hz), (3.30) 
with the measured frequency given in Hz.  No specifications exist for calculating 
uncertainties in measured bandwidth for the network analyzer, so equation 3.30 was 
modified for calculating (Err∆) 
 ( )d_calibratesinceyears_BWErr measured ××+×××= −−∆ 78 1051052  (Hz), (3.31) 
with the measured bandwidth given in Hz.  The network analyzer was operated without 
any calibration corrections since the calibration standards cannot withstand the extreme 
temperature environment of most of the experiments.  While the cables connecting the 
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pressure vessel could have been calibrated at room temperature, their performance would 
change once they were introduced into the temperature chamber, thus voiding the 
calibration.  Instead the measured straight-thru transmissivity is essentially used to 
calibrate the amplitude values of S12 and S21. 
In addition to the instrumental uncertainties of the spectrum and network 
analyzers, there are also uncertainties in the measurements caused by electrical noise.  
Each resonance measurement consists of a number of spectral sweeps, usually 5 for 
measurements with the spectrum analyzer and 30 with the network analyzer.  The center 
frequency and bandwidth of the resonance for each sweep are measured and their mean 
values are used in calculating the respective Q’s used in equations 3.17 and 3.38.  (This 
averaging improves sensitivity since the electrical noise is uncorrelated between 
measurements and has equal chance of causing the measurements to read too high or too 
low.)  Since the sweeps represent a sampling of the population of all measurements, the 
















with x  being the sample mean of the n number of measurements or sweeps.  Of greater 
concern than trying to estimate the spread of the data is the probability that the true mean 
occurs within a specified interval of the measured mean.  This interval is defined as the 
confidence interval and its spread varies with the confidence coefficient.  The confidence 
coefficient is chosen such that the measured mean plus or minus its confidence interval 
contains the true population mean for a certain percentage of the time.  For the 
measurements in this work, the confidence coefficient is chosen for a 95% chance, which 
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corresponds to roughly 2×σN where σN is the standard deviation of the entire population 
of all measurements.  The confidence coefficient is then equal to the critical value of the 
Student’s t-Test (Student 1908) for a two-tailed significance of 0.05 and n-1 degrees of 
freedom.  Thus 2.5% of the time, the true mean will fall above the confidence interval 
and 2.5% of the time it will fall below.  Most statistics textbooks have tables of the ttest 
values, but for easier reference, one is provided here (Table 3.2) for sample sizes used in 
this work based on calculations performed in Matlab®. 
 
Table 3.2: Critical values of ttest for 95% confidence 
Number of 
Samples 
3 5 10 30 ∞ 
ttest 4.303 2.776 2.262 2.045 1.960 
 
 
The ~2σ uncertainty in the mean of the population of the measurements (ErrN) is 






Err = . (3.33) 
Equation 3.33 implies that the uncertainty in estimation of the true mean decreases with a 
greater number of measurements.  Since the center frequency sample standard deviation 
of the measurements is a small fraction of a percent, its effects on the uncertainty in Q are 
disregarded and sN refers only to the sample standard deviation of the bandwidth 
measurements for the remaining calculations. 
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The worst-case error scenario is used to transform the uncertainty in center 
frequency and bandwidth, for both the loaded and dielectrically matched measurements, 






±=  (dB/km), (3.34) 
with λ being the wavelength in km and σψ calculated as 
 ( )mlmlErr ΓΓ−Γ+Γ= 2
22
ψ . (3.35) 
































































0= ,   i = l,m (3.38) 
where the subscripts l and m denote the loaded and matched cases and γ, f0, and BW 
represent the t−1  terms from equation 3.17, the center frequency, and the bandwidth 
respectively.  The center frequency and bandwidth used throughout the calculations have 
units of Hz and the Err0 and Err∆ terms used in (3.36) and (3.37) must be scaled by 2/3 of 
the values calculated by (3.26), (3.27), (3.30) and (3.31) to convert them to 2σ 
uncertainties. 
 Errors in dielectric matching arise from not precisely aligning the center 
frequency of the matched measurement with that of the loaded measurement.  Since the 
Q of the resonator can vary slightly, even in the presence of a lossless gas, this effect 
creates an uncertainty in the Q of the matched measurement at the true center frequency 
 
79 
of the loaded measurement.  To calculate the magnitude of this effect, the Q of the 
matched measurement is compared to the Q’s of the three vacuum measurements to 



















,   for i = 1, 2, and 3. (3.39) 













where floaded and fmatched are the center frequencies of the resonance under loaded and 
matched conditions respectively.  This dQ value is then added to mmatchedQ  and α is 
calculated as in equation 3.17.  The dQ value is also subtracted from mmatchedQ  and α is 
again calculated as in equation 3.17.  The magnitude of the difference between these two 
α values is essentially a 2σ uncertainty and is designated by Errdiel. 
The uncertainty in dielectric matching was non-trivial in the works of Hoffman et 
al. (2001) and Mohammed and Steffes (2003), where the alignment of the matched 
resonance with the loaded resonances was performed by eye.  The development of 
software-aided positioning of the matched resonance to that of the loaded resonance has 
lowered this uncertainty to where its magnitude relative to the other uncertainties is 
insignificant.  There are, however, a few instances where measurements could not be 
completed matched because of the large refractivities of the loaded gas(es).  Therefore, 
the use of Errdiel is still considered. 
Errors in transmissivity also affect the uncertainty of the measured opacity.  
While Errinst is based on the ability to accurately measure frequency Errtrans results from 
uncertainty in the measurement of amplitude.  This uncertainty is not only caused by the 
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instruments (spectrum analyzer, signal generator, and network analyzer), but also the 
cables that connect them to the resonators.  The spectrum analyzer has a temperature 
stability of 0.1 dB/°C, but after being powered on for two hours, the internal temperature 
of the spectrum analyzer is stable enough to neglect this uncertainty.  Like the network 
analyzer, other uncertainties in absolute magnitude are removed by the differential 
measurements of the insertion loss of the cables.  The swept signal generator has a 3σ 
output amplitude accuracy (Errssg) of 1 dB for frequencies at or below 20 GHz and 1.2 
dB for frequencies above 20 GHz.  During measurements of the loaded or unloaded 
resonators the RF power of the signal generator is set to its maximum attainable leveled 
output to increase the signal to noise level (S/N) at the spectrum analyzer.  This cannot be 
done, however, when measuring the loss of the cables since the power would exceed the 
maximum signal detection level of the spectrum analyzer.  Therefore, all transmissivity 
measurements are performed with an RF output power of –10 dB.  Since the power 
settings for transmissivity measurements and resonator measurements are not equal, 
identical differential measurements are not possible.  Instead, the absolute amplitude 
uncertainty of the signal generator (Errssg) is utilized in these calculations. 
The greatest uncertainty in the transmissivity measurements results from the 
process of disconnecting and reconnecting the cables.  Since this process must occur at 
least once to change the connection of the cables from a resonator to each other, it is 
performed two more additional times to decrease the uncertainty of the statistical 
parameters.  The standard deviation of these three measurements, calculated by (3.32), is 
then weighted by the ttest value for 3 samples and divided by the square root of 3 as in 
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(3.33) giving the measured transmissivity uncertainty (Errmt).  The uncertainty in 
insertion loss is then given as 
 
222
_ 25.0++= ssgmtlossins ErrErrErr  (dB), (3.41) 
where Errssg is the uncertainty in RF output amplitude of the swept signal generator and 
the 0.25 factor is added to account for the uncertainty in the modeled loss of the cables or 
waveguides internal to the chambers.  For measurements using the network analyzer, 
Errssg is set to zero.  The insertion loss uncertainty is then used to derive the uncertainty 
in transmissivity by 






−= ,   i = l,m  (3.42) 
where the subscript i denotes the loaded and matched cases and S is the insertion loss of 
the resonator.  This is then mapped to a 2σ uncertainty in opacity by a worst-case error 
propagation, giving 





























 (dB/km). (3.43) 
To test that the reproducibility of the electrical connections could be modeled in 
this way, 16 identical transmissivity measurements were made from 23 to 36 GHz using 
the small 2’-long cables, each time disconnecting and reconnecting the cables and even 
changing their orientations.  The mean of the 16 measurements was then computed.  A 
series of 3 of the 16 measurements were sampled at random and their mean and standard 
deviation were calculated.  This was done for hundreds of repeated random samples and a 
scale factor was fit to multiply the standard deviation such that 95% of the time the mean 
plus or minus the scaled standard deviation would contain the mean of the 16 samples.  
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The value computed was 2.65, only slightly larger than 2.48, the ttest value for 3 samples 
divided by the square root of 3.  It is believed that the difference is a result of both under 
sampling and the variation in behavior of the cables with orientation at those higher 
frequencies. 
The asymmetry uncertainty results from the asymmetric nature of some 
resonances that could possibly be caused by overlapping with other resonances or defects 
in the resonators.  This is computed by dividing each resonance at the peak power point 
and calculating two opacities as in (3.17), but with the Q’s based on half power 
bandwidths calculated as 
 ( )chh ffBW −×= 2  (3.44) 
 ( )lcl ffBW −×= 2 , (3.45) 
where BWh and BWl are the bandwidths of the high and low sides of the resonance 
respectively and fh, fl, and fc, are as defined in (3.21).  The difference between the 
opacities calculated with these bandwidths is essentially treated as a 2σ asymmetry error 
defined as Errasym.  This uncertainty accounts for disproportionate, asymmetric 
broadening by the test gas(es) relative to the matched measurements. 
The uncertainty in measurement conditions (Errcond) can only be computed if the 
pressure, temperature, and concentration dependences of the refractive and absorptive 
properties of the test gas mixture are known.  Since this is not usually the case, their 
effects are often excluded from the stated measurement uncertainty with the 
acknowledgement of the conditional uncertainties elsewhere.  This gives the final, 95% 
confidence, measurement uncertainty as 
 
2222
asymtransdielinst ErrErrErrErrErr +++=α  (dB/km). (3.46) 
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The measurement condition uncertainties are also separated from Errα since they apply 
equally to all of the resonances for an experiment at a particular pressure, temperature, 
and concentration.  The relative median contribution of each uncertainty to the total can 
be seen in Table 3.3 for each resonator.  If the dependence of opacity on pressure, 




CPTempcond ErrErrErrErr ++=  (dB/km), (3.47) 
with ErrTemp, ErrP, and ErrC representing the 2σ uncertainties in temperature, pressure 
and concentration (or mole fraction) respectively.  Each of those is calculated by taking 
the maximum modeled opacity with each uncertainty minus the minimum modeled 
opacity and halving the difference. 
 
Table 3.3: Breakdown of the median percentage contribution of the uncertainties for each 
resonator.  The large cylindrical cavity has slightly lower instrumental uncertainties since 
it was measured with the network analyzer, whereas the others were measured with the 
spectrum analyzer. 
 Large Cylindrical Cavity Small Cylindrical Cavity Fabry-Perot 
Errinst (%) 0.68 1.13 2.34 
Errdiel (%) 0.0075 0.046 0.088 
Errtrans (%) 69.65 41.5 61.73 




Calculation of refractivity of a gas or gas mixture is performed by equation 3.19.  While 




The dimensions of the cylindrical cavity resonators changed throughout the 
course of the experiments as a result of various configurations.  Initially the resonators 
did not have any dielectric washers isolating their end plates from the cylinders.  This 
configuration, denoted config. #1 for both resonators, was used for all of the 187 K and 
all but one of the 216 K ammonia experiments.  At the time of those experiments, it had 
not yet been discovered that further isolation of the end plates from the central cylinder 
would result in greater damping of the degenerate TM(1,M,L) modes.  As a result, most of 
the TE(0,1,1) and TE(0,1,2) mode data in the large resonator from those experiments had to 
be discarded.  Other higher-ordered modes were less affected by this as the mode 
suppression slots cut into the top of the cylinders provided ample isolation.  After this 
discovery had been made, Teflon® washers were added onto the screws that connected 
the top and bottom plates to their cylinders (config. #2 for both resonators).  Two washers 
were placed on each screw separating each plate from the cylinder by an additional 
1.75mm and increasing the height of each resonator by 3.5mm.  Additionally, the 
cylinder on the small resonator was inverted and rotated 90° to increase the symmetry of 
some resonances.  This configuration was used for all of the room temperature 
measurements and one of the 216 K experiments that was performed as verification of the 
earlier 216 K data.  It was also used for the preliminary measurements of ammonia at 375 
K, but it was discovered that the Teflon washers became too soft and malleable at the 
warmer temperatures and led to changes in the height of the large resonator during the 
course of the experiments.  At that time the configuration of the small resonator was 
again modified.  Its cylinder was returned to its original configuration with the mode 
suppression slits on the top.  The two Teflon® washers were replaced with one and the 
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standoffs that supported the resonator were trimmed by ~2 mm.  This ensured that the 
two resonators would not be in contact as they thermally expanded, which might have 
lessened the quality of the vessel’s seal and led to the previously measured changes in the 
large resonator’s height during the experiment.  Eventually the washers on the large 
resonator stabilized their shape and some experiments with water vapor at 350 and 375 K 
were carried out.  Following those measurements, the washers on the large resonator 
were replaced with rigid ceramic (~99.8% Al2O3) washers with an operating temperature 
range from absolute zero to almost 2000 K.  The Teflon® washers were not replaced in 
the small resonator since its lesser weight makes it less prone to deformation from the 
force of gravity. 
 Apart from the mechanical configuration changes, thermal expansion altered the 
dimensions of the resonators throughout the experiments.  Being able to model the 
dimensions as a function of temperature is critical to more accurately characterizing the 
refraction of the gases measured.  Each of the aforementioned configurations requires a 
separate formula for modeling each resonator’s height as a function of temperature.  
Since nothing was done to modify the radius of the large resonator, only one formula is 
needed to model it.  The small resonator, however, since its cylinder was inverted and 
rotated 90° for some of the experiments, requires two separate formulas for modeling its 
radius.  This shows that the cylinder in the small resonator is about 3 µm wider in one 
dimension than the other, which limits its accuracy as a refractometer. 
 The formulas derived for each height and radius are based on subsets out of 
roughly 50 vacuum measurements from eight different groups of temperatures from 187 
to 450 K.  The center frequencies of all the measured TE(0,M,L) modes were compared to 
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the theoretical results from equation 3.22 (using µr = εr = 1 for vacuum) and the 
parameters for radius (r) and height (h) were optimized to fit the data.  This allowed 
assigning dimensions to the resonator at each temperature and fitting that data with a 
polynomial regression and least squares fit.  For the radius of each resonator, the thermal 
expansion can be modeled as a quadratic whereas the height behaves linearly: 
 
2
210 TaTaar ×+×+=  (cm) (3.48) 
 Tbbh ×+= 10  (cm). (3.49) 
For r and h given in cm and T in kelvin, the values for a0, a1, a2, b0, and b1 for the various 
configurations can be found in Tables 3.4 and 3.5.  The R2 values are a measure of the 
goodness of the polynomial fit and represent the proportion of the variation in the data 




Table 3.4: Coefficients for modeling resonator radius (in cm) as a function of temperature 
(in K) 





a0 13.06513 2.47258 2.47287 
a1 1.2895 × 10
-4 3.3034 × 10-5 3.4841 × 10-5 
a2 1.398 × 10
-7 1.522 × 10-8 1.040 × 10-8 




















































2 0.9991 0.9999 0.9876 0.9995 0.9984 0.9981 0.9953 
 
 
Although the numerical fits to the thermal expansion data are quite good, they are 
dependent on the accuracy of the temperature measurements.  Thermal gradients vary 
throughout the vessel and are dependent of the specific heat of the gas mixture inside.  
For measurements at vacuum, there is no gas inside to transfer heat between the 
resonators and the thermocouple.  Therefore, the time it takes for vessel to reach thermal 
equilibrium is longer than the cycle time of the thermostat on the thermal chamber and 
the temperatures of the vessel itself and the resonators inside may never equalize.  This 
effect might have been reduced with the placement of thermistors on the sides of the 
resonators, but thermistors that can withstand the highest temperatures of some of the 
experiments do not have high enough accuracies.  Also, the pressure vessel would have 
required additional feedthroughs.  The placement of the thermocouple probe at the top of 
the vessel adds an additional uncertainty over the manufacturer’s specifications for 
measurements at vacuum.  This uncertainty is roughly 0.5° C for the large resonator at 




Not only do thermal gradients exist across the vessel, but due to the specific heat 
of the gases measured in the experiments, the temperature of the system with the gases 
present is generally 0.3° to 2° C higher than the system under vacuum.  This effect can be 
countered somewhat by changing the thermostat of the system as gases are added, but 
this task can be too painstaking and has limited accuracy, especially at room temperature.  
A  better  approach  is  to  compensate  for  the  temperature  difference  by  modeling the 
resonators’ dimensions as a function of temperature.  From equations 3.48 and 3.49, the 
radius (rvac) and height (hvac) of the resonator at the average temperature of the three 
vacuum measurements (Tvac) is calculated along with the radius (rloaded) and height 
(hloaded) of the resonator at the temperature of the loaded gas (Tloaded).  Additionally, the 
dimensions rmatched and hmatched at the temperature of the matched gas (Tmatched) are also 
calculated. 
 Additional dimension corrections must be included for gas pressure, even though 
the resonators are contained within a pressure vessel and experience the same internal 
and external pressures.  Adding gas to the vessel compresses the metal of the resonator 
and causes the radius to shrink while increasing its height.  A classic text that presents 
formulas for calculating these types of deformations is Roark's Formulas for Stress and 
Strain (Young and Budynas 2002).  The internal dimensions of the cavity resonators 
under gas compression are only dependent on the properties of their cylindrical middles.  
The end plates, while slightly flattened, will still maintain their positions relative to the 
cylinder due to gravity.  To calculate the change in radius and height of a hollow cylinder 
under equal internal and external loading, the formulas for internal loading are combined 
with those for external loading.  For a cylinder with internal radius b, external radius a, 
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and length l, the changes in the inner radius (∆b) and length (∆l) under uniform internal 































=∆ , (3.51) 
where v is Poisson’s ratio (0.29 for type 304 stainless steel) and E is the modulus of 
elasticity (1.93 Mbar for type 304 stainless steel).  Under uniform external radial pressure 




















=∆ . (3.53) 
Summing these two effects and simplifying the equations results in the final formulas for 












=∆ . (3.53) 
Although the dimensional changes are proportionately small (∆b/b=4.4×10-6 and 
∆l/l=3.6×10-6 at a pressure of 12 bars) their effects can still be seen in disproportionate 
frequency shifts with increasing mode numbers.  Unfortunately, these formulas use the 
underlying assumption of a perfect cylinder in both external and internal radius.  While 
the internal radius of the large resonator has been machined to a high precision, its 
                                                 
9 In Roark’s Formulas the published formula for ∆b under external radial pressure on page 683 is missing a 
factor of b in the numerator. 
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external cross-section is more oval shaped with the wall thickness varying around the 
cylinder.  Additionally, the angle between the end plates and the cylinder walls is not 
exactly 90°.  These same issues are even more pertinent for the small resonator due to its 
smaller size and its aforementioned distorted radius.  These effects could be counteracted 
in the data by comparing the measured refractivity of the lossless matching gas, in this 
case argon, whose refractivity at microwaves is frequency independent.  This was not 
attempted for this work, however, since the effect is still smaller than that caused by 
uncertainty in temperature and frequency. 
The result of the changing resonator dimensions is a corresponding change in 
resonant frequencies.  To account for this effect when calculating refractivity, the center 
frequencies measured at vacuum must be transformed to the temperature and pressure of 
the loaded and matched measurements.  First the radius and height of the resonator at the 
vacuum temperature rvac and hvac are scaled by the pressure of the loaded or matched 
case, depending on whether the goal is to calculate the refractivity of the test gas or the 
matching gas.  Essentially the two refractivities should be equal, but slight temperature 
variations between the loaded and matched cases create small discrepancies.  The new 






















1, , (3.55) 
where P is the pressure in bars, v is the unitless Poisson’s ratio, and E is the modulus of 
elasticity in bars.  These values are used in equation 3.22 to generate frequencies (fvac,P) 
of the resonances for the evacuated resonator under the same pressure conditions as the 
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test or matching gas.  The frequencies of the evacuated resonator under the same 
temperature conditions are calculated using rloaded and hloaded or rmatched and  hmatched in 
(3.22) to create fvac,T.  The pressure/temperature frequency correction factor (fPTcorr) is 
then given as 
 TvacPvacPTcorr fff ,, −= . (3.55) 










= , (3.56) 
which can then be normalized via (3.20). 
 The uncertainty in the measured refractivity results from the uncertainty in the 
measurement of frequency, pressure and temperature.  The uncertainty in frequency (∆f) 
is calculated in (3.26) and (3.30) for the spectrum analyzer and signal generator 
respectively.  The uncertainty in the pressure and temperature correction term is 
calculated via worst-case error propagation, assuming a differential uncertainty in 
temperature of 0.5° C for the large cavity resonator and 0.3° C for the small cavity 
resonator.  This is combined with the manufacturer specifications of the pressure gauges 
to calculate the maximum and minimum values of fvac,P and fvac,T for use in calculating the 
uncertainty in fPTcorr (∆fPTcorr).  Since the percentage uncertainty in fgas is very low, the 










±=∆ . (3.57) 
To further calculate the uncertainty in normalized refractivity, the pressure and 
































N (cm3·molecule-1), (3.58) 
where ∆P and ∆T are the absolute uncertainties in pressure and temperature respectively, 
given by the manufacturer specifications of the measurement devices described in 
Section 3.2.1 and R is the gas constant.  This formula describes the normalized 
refractivity of the entire gas mixture, but the goal is often to measure the normalized 
refractivity of only one of the gases in the mixture.  The total measured refractivity of any 
mixture can be represented by the sum of the number density of each constituent 
weighted by their respective normalized molecular refractivities.  In the case of mixtures 



















where Px is the partial pressure of the x constituent in bars, T is the temperature of the gas 
mixture in K, N′ is the normalized refractivity of each constituent in N-units·cm3 per 
molecule, and R = 1.38065×10-22 bar·cm3·molecule-1·K-1.  The quantity of interest 














=′ (cm3·molecule-1). (3.60) 
Newell and Baird (1965) measured the refractivity of hydrogen and helium at 47.7 GHz 
and normalized the values to 1 atmosphere of pressure and 0° C.  Their results are a 
refractivity of 135.77 ± 0.05 for hydrogen and 34.51 ± 0.05 for helium.  Normalizing 
these gives N′H2 = 5.053×10
-18 cm3·molecule-1 and N′He  = 1.284×10
-18 cm3·molecule-1.  
These values are more accurate than the previously measurements of Essen (1953) at 9 
GHz and are comparable to those measured by Spilker (1990) between 9 and 18 GHz.  
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Since the refractivities of H2 and He are constant across the microwave band, the values 
measured at 47.7 GHz are used here instead of those at 9 GHz, despite being farther from 
most of the measured frequencies used in this work. 
 Calculating the uncertainty in normalized refractivity in (3.60) is notably more 
complicated than the formula presented in equation 3.58.  The addition of uncertainties in 
partial pressures of each constituent causes an increase in the overall percentage 
uncertainty.  Again, a worst-case error propagation approach is used to calculate the 
effect of all the individual uncertainties on the total by varying one component at a time 
and taking the quadrature sum of the individual results. 
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CHAPTER 4:  RESULTS, DATA FITTING AND NEW NH3 OPACITY MODEL 
4.1 Experimental Results 
Initial measurements of the microwave opacity of ammonia in a hydrogen/helium 
atmosphere were performed by this author beginning in December of 2004 using the 
cylindrical cavity resonators, with over a dozen experiments performed throughout 2005.  
However, the early measurements were insufficient to draw any more accurate 
conclusions about the opacity of NH3 than already measured by other authors.  What 
these experiments did provide, were data that eventually led to an improved 
understanding of the process of adsorption and gas mixing throughout the measurement 
system.  With this added understanding and the addition of the K/Ka-band Fabry-Perot 
resonator, the greatest uncertainty of the previous measurements (the concentration of 
NH3) was reduced to achieve much more accurate results.  With these improvements in 
place, new measurements were initiated in June of 2006. 
 The frequencies of the resonances most used in the measurements of ammonia 
and water vapor are listed in Tables 4.1 and 4.2 along with their mode numbers, typical 
Q’s and the conditions under which they best performed.  These are the resonant 
frequencies of the resonators under vacuum at 295 K.  If gases are added to the resonators 
or their temperatures are increased, the resonances shift to lower frequencies.  There are 
many more usable resonances in the large resonator than the small resonator.  
Additionally, the higher Q’s in the large resonator allowed data taken using that resonator 
to have lower uncertainties.  The degraded performance of the small resonator is most 














Table 4.1: The most commonly used resonances in the large cylindrical cavity resonator.  
The frequencies correspond to the resonator with height configuration #2 from Table 3.5 










1.5105 (0,1,1) 67,500 
Worked well for all measurements with added 
dielectric spacers. 
1.8160 (0,1,2) 63,200 
Worked well for all measurements with added 
dielectric spacers. 
2.2342 (0,1,3) 63,100 Worked well for almost all measurements. 
2.7135 (0,1,4) 65,700 Worked well for all measurements below 300 K. 
2.8052 (0,2,2) 83,900 
Worked well for all measurements with added 
dielectric spacers. 
3.0924 (0,2,3) 76,300 
Worked well for all measurements with added 
dielectric spacers. 
4.3254 (0,2,6) 60,800 
Worked well for all measurements with added 
dielectric spacers below 400 K. 
5.0885 (0,3,6) 92,100 
Worked well for all measurements with added 
dielectric spacers. 




Table 4.2: The most commonly used resonances in the small cylindrical cavity resonator.  
The frequencies correspond to the resonator with radius configuration #2 and height 










14.6228 (0,2,2) 23,000 
Worked well for all measurements with added 
dielectric spacers. 
15.9390 (0,2,3) 16,800 Worked well for all measurements. 
21.3162 (0,3,3) 16,700 
Worked reasonably well for almost all 
measurements. 
22.5971 (0,3,4) 10,800 Worked well for almost all measurements. 
24.1460 (0,3,5) 11,100 




the case of this work, the increased opacity resulting from the ammonia inversion lines 




 The microwave opacity of NH3 in an H2/He atmosphere was measured at five 
different temperature bands: 184-189 K, 213-218 K, 292-297 K, 372-377 K, 445-450 K.  
The pressures ranged from as low as 30 mbar to as high as 12 bars and the NH3 
concentration ranged from 0.06% to 8% with a handful of measurements of 100% NH3.  
The frequencies measured range from 1.5 GHz to 27 GHz for measurements using the 
cylindrical cavity resonators and 22 GHz to 39 GHz for measurements using the Fabry-
Perot resonator.  Measurements using the Fabry-Perot resonator were limited to room 
temperature, however.  Each experiment involved measuring an average of 30 resonances 
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with the hope that each would provide usable data.  Over 80 resonances in the two cavity 
resonators were utilized for at least one experiment.  It was discovered that virtually all of 
the TE(N,M,L) resonances where N ≠ 0 were unable to provide useful data once the 
dielectric spacers were added to the resonators.  The measurements using these 
resonances generally overestimated the opacity of the gas.  Resonances with N = 0, 
however, became much more reliable with the dielectric spacers present and these 
represent the majority of the measurements. 
The hydrogen and helium used in the experiments came from a certified premixed 
cylinder with (13.6 ± 0.272)% He and the remainder H2.  This is approximately the 
helium mole fraction at Jupiter as measured by the Galileo probe (von Zahn et al. 1998).  
Additionally, a certified premixed cylinder of (0.983 ± 0.0197)% NH3, 13.5% He and 
85.52% H2 was used for many of the measurements.  These cylinders and similar 
mixtures were provided by both Matheson Tri-Gas, Inc. and Airgas, Inc.  No attempt was 
made to characterize the opacity of ammonia broadened only by hydrogen or helium due 
to time constraints, but the behavior of each individually as a broadening gas is fairly 
well understood from measurements by other authors. 
A total of 3191 data points of the opacity of NH3 were measured with each point 
representing a unique combination of temperature, pressure, NH3 concentration and 
frequency.  Of these, only 1912 came from reliable resonances and provided consistent 
opacity data.  The other 1279 points were identified by eye and excluded due to any 
number of contributing factors, most often for modes where N ≠ 0.  Other reasons for 
exclusion include interference from overlapping resonances, usually under high-opacity 
conditions, and low signal to noise ratios.  The population of usable resonances 
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throughout the measured frequency range is large enough such that the bad data points 
can be ignored without greatly affecting the accuracy of the derived model.  The unused 
data are cataloged along with the good data as they may provide useful refractivity data 
for future applications.  An additional 250 data points were taken using the Fabry-Perot 
resonator and provide insight as to the behavior of ammonia at K/Ka-band.  Most of the 
Fabry-Perot data was taken using an HP 8722D network analyzer with a measurement 
range from 50 MHz to 40 GHz borrowed from colleagues for a month.  This provided 
faster measurement times and greater accuracy, both of which gave insight into the nature 
of adsorption in the Pyrex® pressure chamber and eventually led to the development of 
the replace-half technique.  All of the processed NH3 data is too lengthy to list here or as 
an appendix, so it is available in electronic format at: 
http://users.ece.gatech.edu/~psteffes/palpapers/hanley_data/NH3data_ALL.xls 
separated by the resonator used.  Some plots of the opacity data are shown in section 4.3 
(below) compared to previous models for ammonia opacity and the model developed as 
part of this work.  A list of the NH3 experiments performed in the cavity resonators and 
Fabry-Perot resonator can be found in Tables 4.3 and 4.4 respectively.  The scattering 
parameters S12 and S21 were recorded for measurements using the network analyzers, 
but the only the S21 data was processed since both S12 and S21 produce essentially the 
same result. 
Previously, chapter 3 described the current state of the art for the measurement 
system.  Its development has been realized through a number of incremental equipment 
and procedural changes during the course of the measurements of NH3.  Therefore, many 
of the early, colder temperature, measurements have additional uncertainties since they  
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Table 4.3: Listing of all experimental conditions for the measurements of ammonia 

















0.5{1}, 1{0.65}, 2{0.45} 1,1,1 






0.5{1.15}, 1{0.75}, 2{0.49} 1,1,1 






0.5{1.8}, 1{1.2}, 2{0.8} 1,1,1 






0.5{1.8}, 1{1.15}, 2{0.75} 1,1,1 






1{0.98}, 2{0.7}, 4{0.53}, 6{0.42} 1,1,1 






1{1.1}, 2{0.82}, 4{0.58}, 6{0.47} 1,1,1 






0.06{100}, 1{1.95}, 2{1.4},      
4{1.1}, 6{0.94} 
1,1,1 






0.125{5}, 0.25{3.7}, 0.5{2.7}, 
1{1.85}, 2{1.32}, 4{1}, 6{0.88} 
1,1,1 






0.125{1.25}, 0.25{1.12}, 0.5{1.05}, 
1{0.98}, 2{0.92}, 4{0.89}, 6{0.88} 





0.5{0.49}, 1{0.47}, 2{0.44},   
4{0.43}, 6{0.42} 





0.25{100}, 0.032{6}, 0.064{5.5}, 
0.125{4.8}, 0.25{4.6}, 0.5{4.4}, 
1{4.2}, 3{4}, 6{4} 





0.5{1.05}, 1{0.95}, 2{0.88}, 
4{0.785}, 6{0.77} 





0.06{100}, 0.24{100}, 4{0.5}, 
6{0.5}, 4{1}, 6{1}, 4{4}, 6{4} 





3{0.983}, 4{0.98}, 8{0.95}, 12{0.9}, 













0.03{100}, 0.12{100}, 0.5{0.97}, 
1{0.97}, 2{0.97}, 4{0.92}, 6{0.92}, 
8{0.92}, 12{0.92}, 4{0.27}, 8{0.24}, 
12{0.229}, 8{0.068}, 12{0.068} 
4,1,3 none 
                                                 
10 The format is as follows from Tables 3.4 and 3.5: large resonator height configuration, small resonator 
radius configuration and small resonator height configuration respectively. 
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Table 4.4: Listing of all experimental conditions for the measurements of ammonia 


































0.0625{4}, 0.125{4}, 0.25{4},  
0.5{4}, 1{4}, 2{4}, 3{4} 










0.25{0.983}, 0.5{0.983}, 1{0.983}, 
2{0.983}, 3{0.983} 















were taken under less accurate conditions.  These additional uncertainties are not large 
enough to justify the time required to repeat the measurements using the current state of 
the art, especially considering the temperature range of the more accurate measurements.  
These more precise data at the higher temperatures were sufficient to infer the 
temperature dependence of ammonia and to produce an accurate model for the ammonia 
opacity, described in section 4.3, that matched the earlier data well within their error bars. 
The major accuracy improvements include: the addition of dielectric spacers in 
the cavity resonators (1), the closer placement of the mirrors in the Fabry-Perot resonator 
(2), the acquisition of a second DPG7000 pressure gauge for lower pressures (3), the 
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identification of adsorption in the Fabry-Perot resonator and the development of the 
replace-half technique (4), and the tracking of ambient pressure to further calibrate the 
pressure gauges (5).  The addition of the dielectric spacers allowed for more reliable data 
from more resonances in both cavity resonators, but the improvement in accuracy is 
difficult to characterize quantitatively.  Moving the mirrors closer together in the Fabry-
Perot resonator allowed much more accurate characterization of adsorption in the cavity 
resonators and the identification of adsorption occurring in the Fabry-Perot resonator 
itself further reduced the uncertainty in NH3 concentration.  Previous measurements were 
limited to ± 5-10% precision, whereas current measurements are on the order of ± 2%.  
Adding a second DPG7000 pressure gauge reduced the uncertainty in pressure readings 
below 2 bars absolute pressure to ± 0.68 mbar from the previous ± 2 mbar uncertainty of 
the vacuum gauge.  Tracking ambient pressures with a barometer allowed achievement of 
the stated accuracies of the pressure gauges.  A ± 10 mbar uncertainty in pressure was 
added to early measurements due to fluctuations in ambient pressure during the course of 
an experiment, even after initial calibration of the gauges before the experiment.  The 
lack of these upgrades are noted by number in the last columns of Tables 4.3 and 4.4 for 
experiments where they occurred. 
As shown in Table 4.4, the opacity of the 0.983% NH3 premixed gas at K/Ka-band 
was measured at multiple pressures and two mirror positions.  These measurements from 
early April 2007 were performed when the premixed gas cylinder was mostly full.  That 
cylinder was used frequently over the following months for measurements using the 
cavity resonators and another set of measurements in the Fabry-Perot resonator were 
performed just before the cylinder was emptied in January 2008.  The two results were 
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consistent meaning that the NH3 concentration in the cylinder did not change with partial 
pressure or settling over time.  This is due primarily to the anti-adsorption coating present 
on the inside of the cylinder. 
 
4.1.2 Water Vapor 
The number of measurements of the opacity of H2O in an H2/He atmosphere is 
significantly less than those performed using NH3.  This is due to two compounding 
factors, the lower opacity of H2O relative to NH3 and the lower saturation vapor pressure 
of H2O.  In order to raise the opacity of the H2O gas mixture to the level of detectability, 
fairly large partial pressures of H2O must be used.  These pressures are only attainable at 
temperatures well above room temperature.  It would be possible to measure the opacity 
of H2O broadened by H2/He at room temperature, but it would require H2/He pressure on 
the order of 100 bars, well above the rated limits of the current pressure vessel.  
Therefore, measurements were taken in the temperature bands of 350-352 K, 372-377 K 
and 447-451 K using the cylindrical cavity resonators.  This led to the measurement of 
only 222 data points of the opacity and refractivity of H2O.  Other attempts were made at 
measuring water vapor at 100% relative humidity at room temperature in 3 bars of H2/He 
at K/Ka-band in the Fabry-Perot resonator and in 12 bars of H2/He in the cavity 
resonators, but no significant opacity was detected.  The list of the warmer experimental 
conditions is shown in Table 4.5.  To avoid the possibility of condensation occurring in 
the resonators, the partial pressure of water vapor was always kept below 70% of 





Table 4.5: Listing of all experimental conditions for the measurements of water vapor 

























0.57{100}, 1{100}, 4{14}, 8{7.1}, 




Like the NH3 opacity data, the H2O opacity data measured as part of this work is 
too numerous to list on paper and is available in electronic form at: 
http://users.ece.gatech.edu/~psteffes/palpapers/hanley_data/H2Odata_ALL.xls 
As with ammonia, the data is separated by the cavity resonator used.  The refractivity of 
some of the H2O mixtures was so large that dielectrically matching the measurements 
would have required pressures of argon exceeding the safe operating pressure of the 
vessel.  For those measurements, the values of Qmatched and tmatched in equation 3.17 were 
replaced with the vacuum values, Qvac and tvac, since the Q’s of the resonators did not 
change significantly from vacuum with the addition of argon.  For the measurements near 
450 K, the transmissivities of the cables used in the H2O opacity calculations are the 
same as those from NH3 measurements in the same temperature range.  This was done to 
eliminate addition disconnection and reconnection of the cables, which at those 
temperatures became prone to the connectors shearing apart from the cables. 
 
104 
The relative size of the measurement uncertainties and the small amount of data 
do not allow for the development of an improved model for H2O opacity at this point.  
Further data are needed, taken at higher pressures where the opacity is greater.  Some of 
the measured H2O opacity data is plotted in Figures 4.1 – 4.6 compared with the models 
of DeBoer (de Pater et al. 2005) and Goodman (1969).  For measurements of pure H2O 
without H2 or He, the Goodman model equates to an opacity of zero since it does not 
include the effect of the self-broadening of H2O and is not included in those plots.  The 
dashed lines about the models show the variability of the modeled values due to 
uncertainties in the measurements of pressure, temperature and H2O concentration.  The 
black error bars represent only the values of Errα.  Error bars are shown without data 
points when the data have negative values and many error bars from positive data span 
values below zero.  The data show that the DeBoer model underestimates the effect of the 
self-broadening of H2O, which appears to be dominant even where the concentration of 
H2O is only on the order of ten percent.  When the H2O concentration is lowered and 
higher pressures of H2/He are added, the DeBoer model appears to overstate the opacity.  
Based on the data, the Goodman model appears to function as a lower limit for the H2/He 






















Figure 4.2: Measured opacity of water vapor broadened by hydrogen and helium at 4.033 













Figure 4.3: Measured opacity of water vapor broadened by hydrogen and helium at 


























Figure 4.5:  Measured opacity of water vapor broadened by hydrogen and helium at 7.965 













Figure 4.6: Measured opacity of water vapor broadened by hydrogen and helium at 




4.2 Data Fitting 
Measuring the microwave opacity of NH3 and H2O in a laboratory setting provides a 
means of proving or disproving current theories and models.  All previous models for the 
H2/He broadened opacity of NH3 and H2O under Jovian conditions are based on limited 
and often flawed laboratory data.  With the aid of more precise wider-ranging data, it is 
possible to not only detect the usable ranges of certain models, but also develop more 
accurate ones.  The goal of the laboratory measurements of ammonia is to create a model 
that will predict the opacity of NH3 equally well over a diverse range of conditions. 
 The large amount of measured data on the opacity of ammonia spans temperatures 
ranging from 187 to 450 K, pressures from 29.7 mbar to 12.07 bar, and NH3 
concentrations as low as 676 ppm up to 8% and even a handful of measurements of 100% 
NH3.  Measurement frequencies range from 1.5 to 27 GHz using the cavity resonators 
and from 22.2 to 39.2 GHz using the Fabry-Perot resonator.  This data spans a large four-
dimensional space of frequency, temperature, pressure and NH3 concentration, but the 
data are not equally distributed in this space.  Due to the behavior of the resonators, close 
to three quarters of the usable data was measured at frequencies below 10 GHz.  More 
data was also measured at room temperature than any other temperature, especially the 
K/Ka-band data from the Fabry-Perot resonator that was measured exclusively at room 
temperature.  The measurements at colder temperatures were limited to lower 
concentrations of NH3 in order to avoid condensation.  Also, the sensitivity at lower 
frequencies was not high enough to detect NH3 at the lowest pressures and the higher 




To prevent the accuracy of the derived model from being skewed toward the most 
often measured conditions, each data point must be scaled relative to the uniqueness of its 
four measurement variables: frequency (f), temperature (T), pressure (P) and NH3 
concentration (C) or mole fraction.  The approach used divides each of these variables in 
roughly equally spaced bins that span the measurement space.  The total number of 
measurements that fall into each bin are counted and then each data point is weighted by 
the sum of the reciprocals of the counts of the bins corresponding to its four measurement 
variables.  Of the 1912 data points using the cavity resonators, 481 points corresponding 
to data from the first 8 experiments listed in Table 4.3 were not used in the data fitting 
due to their relatively large uncertainties in NH3 concentration from upgrades not 
implemented at the time of the measurements.  These 481 points were compared to the 
model derived from the rest of the data, and both the NH3 concentrations and opacities 
agreed well with the theoretical nature of adsorption and desorption that occurred during 
the experiments.  For the remaining 1431 points, the fTPC space is broken down as 
shown in Table 4.6. 
 Once the population of each bin was established, each individual data point 





+++= , (4.1) 
where fcount, Tcount, Pcount, and Ccount represent the values of the entries in Table 4.6 for the 
conditions of the data point.  These DW values were then utilized in fitting a model to the 
data.  The data-fitting routine involved using a multi-variable simplex function similar to 








0 ≤ f < 5 5 ≤ f < 10 10 ≤ f < 15 15 ≤ f < 20 20 ≤ f < 25 25 ≤ f < 30 
fcount 556 455 106 122 192 0 
Temperature 
Range (K) 
150 ≤ T  < 
200 
200 ≤ T   
< 250 
250 ≤ T   
< 300 
300 ≤ T   
< 350 
350 ≤ T   
< 400 
400 ≤ T   
< 450 
Tcount 0 150 973 0 112 196 
Pressure 
Range (bar) 
0 ≤ P   
< 0.26 
0.26 ≤ P 
< 0.51 
0.51 ≤ P 
< 1.1 
1.1 ≤ P 
< 2.1 
2.1 ≤ P 
< 4.1 
4.1 ≤ P 
< 8.1 
8.1 ≤ P 
< 16 
Pcount 215 108 159 118 337 351 143 
Concentration 
Range (%) 
0 ≤ C      
< 0.3 
0.3 ≤ C   
< 0.6 
0.6 ≤ C   
< 1.0 
1.0 ≤ C   
< 2.5 
2.5 ≤ C   
< 4.5 
4.5 ≤ C   
≤ 100 


























where measnα  and 
model
nα  represent the measured and modeled opacity values respectively 
and measErrα  and 
meas
condErr  are the 2σ uncertainties in measured opacity and measurement 
conditions as described in section 3.4.2.  The constrained minimum of this function was 
calculated using the Matlab® function fmincon multiple times using random input values 
(described in the next section) until a convergent solution was found.  The meascondErr  values 
were initially calculated using the temperature, pressure and concentration dependences 
of the Joiner and Steffes (1991) NH3 opacity model, since it matched the data closer than 
any other previous model.  After the initial optimization resulted in the formalism 
described in section 4.3, the meascondErr  values were recalculated and an additional iteration 




 The 250 NH3 data points taken using the Fabry-Perot resonator were not used 
since they represented only data above 25 GHz and were all taken at room temperature.  
Even using the data weighting in this case would skew the resulting model toward better 
agreement at room temperature.  The model derived from the measurements using the 
cavity resonator was, however, compared to the data from the Fabry-Perot resonator and 
found to be in comparable or better agreement than the other frequently used NH3 models 
as shown in section 4.3. 
For the water vapor experiments of this work, there is insufficient data to derive a 
more accurate model for H2/He broadened H2O opacity as was mentioned in the previous 
section.  A cursory attempt was made at refining some of the broadening parameters, but 
the results required self-broadened linewidths on the order of three times that measured 
by other researchers and still did not follow the temperature dependence of the data.  
Attempts were made at fitting with both the Gross and Van Vleck-Weisskopf lineshapes, 
and the Gross lineshape fit the data better.  As more data becomes available from future 
higher-pressure measurements, then the extra parameters of the Ben-Reuven lineshape 
can be applied. 
 
4.3 New Model for H2/He-broadened NH3 Microwave Opacity 
The new model for the hydrogen and helium broadened opacity of ammonia at 
frequencies up to 40 GHz is a refinement of previous models by Berge and Gulkis  
(1976) and Mohammed and Steffes (2003).  The model calculates the opacity at a given 
frequency, temperature, pressure, and concentration of H2, He and NH3 by summing the 
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individual contributions of each NH3 inversion line up to J = K = 19.  The opacity from 
each line at a frequency of f can be written as 












,,, πα , (4.3) 
where AJ,K is the absorption at the center of the J, K line, ∆fJ,K is the linewidth (half width 
at half max), f0(J,K) is the center frequency of the J, K line, FBR is the Ben-Reuven (1966) 
lineshape as defined in equation 2.6, and D is a unitless empirically derived scale factor.  
















where n is the number density of ammonia in molecules/cm3 and SJ,K(T) is the intensity of 
the J, K line in cm-1/(molecule/cm2) at a temperature T with ∆fJ,K having units of cm
-1.  





NH32110244.7 ×= , (4.5) 
where 
3NH
P  is the partial pressure of ammonia in bar and T is the temperature in K.  The 




















= , (4.6) 
where SJ,K(T0) is the intensity of the line at the reference temperature T0, T is the 
temperature in kelvin, E″J,K is the lower state energy of the transition in cm
-1 and h, c, and 
k are Plank’s constant in units of J·s, the speed of light (cm/s), and Boltzmann’s constant 
(J/K) respectively.  For these units, hc/k = 1.439.  The values of f0(J,K), SJ,K(T0) and E″J,K 
at the reference temperature of 300 K for lines up to J = K = 19 can be found in the JPL 
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Submillimeter, Millimeter, and Microwave Spectral Line Catalog described in Pickett et 
al. (1998).  The values of SJ,K(T0) given in the catalog have units of log10(nm
2·MHz) and 
must be taken as the exponent of 10 and divided by 2.99792458×1018 to be utilized in 
equations 4.4 and 4.6.  The total opacity in cm-1 is then calculated using the Ben-Reuven 
lineshape (1966) as 
( ) ( )
( )
( ) ( ) ( )( )[ ]










































where γ, ζ, and δ are the linewidths, coupling parameters, and shift parameters 
respectively of each line in units of cm-1.  The width and coupling parameter of each 
pressure-broadened line are the sums of the contributions of each component of the gas 








































































= γζζζζ , (4.9) 
where γi and ζi are constant scale terms, Γi and Ζi represent the constant temperature 
dependences of the broadening of each gas and Pi are the partial pressures in bar for i = 
H2, He and NH3 and γ0(J,K) are the self-broadening linewidths of NH3 in MHz/torr.  
Unlike the Berge and Gulkis NH3 model in which the pressure shift term is proportional 
to the partial pressure of NH3, δ is calculated here as 
 γδ ×= d  (4.10) 
similar to the lineshape of Anderson (1949) where d is an empirically derived constant.  
Equations 4.8, 4.9, and 4.10 have been simplified to use average values of the empirically 
derived constant for all lines, even though each line behaves differently, as measured by 
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various researchers (Buffa et al. 1979; Hewitt 1977; Nouri et al. 2004; Story et al. 1971).  
The reason for this simplification is that not enough accurate data exists on the behavior 
of each NH3 line and no one pressure broadening theory has been able to match all of the 
various experimentally measured data.  The values of γ0(J,K) used in equations 4.8 and 
4.9 are from the calculations of Poynter and Kakar (1975) assuming a T0 value of 295 K 
using the theory of Anderson (1949).  Poynter and Kakar do not list the linewidths for 
values of J > 16 or for lines with center frequencies below 7.2 GHz.  For these unlisted 








KJγ  (MHz/torr). (4.11) 
The linewidth values generated by equation 4.11 agree well with those measured for 
higher values of J, but do not agree with the values for lower numbered J lines.  An 
attempt was made to match the linewidths calculated by Poynter and Kakar (1975) using 
the Anderson theory, but the authors do not provide enough information as to the precise 
method used.  However, the linewidths given by Poynter and Kakar do fit the data more 
accurately than using equation 4.11 alone for all of the lines or the simplified formula 
described in Bleaney and Penrose (1948). 
 The previously listed equations have fourteen free parameters that must either be 
determined empirically or theoretically.  Since the broadening effects of hydrogen and 
helium were not measured separately, the H2 and He scale terms in equations 4.8 and 4.9 
cannot be decoupled.  Therefore the exponents ΓHe and ΖHe are assigned theoretical 
values of 2/3 and the values of γHe and ζHe are assigned those of the Berge and Gulkis 
(1976) formalism, 0.75 and 0.3 respectively.  The value of 
3NH
Γ is assigned a 
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theoretically determined value of 1, which is also fairly consistent with the results of 
Baldacchini et al. (2000) for the ν2 NH3 vibrational band.  The nine remaining constants 






Ζ were further constrained by considering only the experiments 
involving pure ammonia gas.  To save on computing time, random samples of 400 of the 
1431 data points were used in calculations to find the values of the broadening 
parameters, linewidths, and pressure shift term, although the model was optimized for all 
1431 points after the initial constants were better constrained.  The constants were 
optimized for linewidth and shift units of GHz/bar with pressures given in bar and 
temperatures in K.  The units of γ0(J,K) remain in MHz/torr, since their conversion to 
GHz/bar is included in the terms of 
3NH
γ  and 
3NH
ζ .  The frequencies of the absorption 
and line centers are used with units of GHz, which requires scaling the result of equation 
4.7 by 29.979 to convert the lineshape from units of GHz-1 to cm.  This produces values 
of opacity in units of cm-1, which can be converted to dB/km by multiplying by 
4.343×105.  The values of the 14 constants used in the new formalism are shown in Table 
4.7.  Since the constants are optimized to the current line catalog values, a spreadsheet of 
these values has been archived at  
http://users.ece.gatech.edu/~psteffes/palpapers/hanley_data/NH3lincat190.xls 
in the event that the catalog is ever changed or updated.  Software for running the model 
in Matlab® is available at  
http://users.ece.gatech.edu/~psteffes/palpapers/models.html 
Some caution must be exercised when using the ideal gas assumption of equation 
4.5 at higher pressures since gases are hardly ideal under deep Jovian atmospheric  
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Table 4.7: Values of the constants used in the new model for H2/He-broadened NH3 
absorption. 
 i = H2 i = He i = NH3 
γi 1.640 0.75 0.852 
Γi 0.7756 2/3 1 
ζi 1.262 0.3 0.5296 
Ζi 0.7964 2/3 1.554 
d = -0.0498 D = 0.9301 
 
 
conditions.  The assumptions of the ideal gas law that molecules have zero volume and 
no   intermolecular   forces   begin  to  break  down  at  higher   pressures   and  for   large 
concentrations of polar molecules.  As an example, assuming an ideal gas would over-
estimate the number of hydrogen molecules present by 6.5% at 100 bar of pressure and 
by 73% at 1000 bars at 300 K compared to the Redlich-Kwong equation of state (Redlich 
and Kwong 1949).  The difference is slightly lesser under Jovian conditions, 4.2% at 100 
bar and 500 K and 18% at 1000 bar and 1250 K.  Since the extrapolation of the 
formalism of this work to pressures higher than 20 bar will have limited accuracy due to 
the lack of data at those pressures, the ideal gas assumption of equation 4.5 is used here 
throughout all calculations. 
Assessing the fit of the model to the data provides clues as to the quality of the 
model and the conditions of its effectiveness.  For the 1431 data points used to generate 
the model, 96.1% of them agree with the model within the value of their 2σ uncertainties 
and 75.1% within 1σ.  For the 250 points taken using the Fabry-Perot resonator, 85.2% 
agree within their 2σ uncertainties and 66.4% within 1σ.  Comparisons of these values 
with the models of Berge and Gulkis (1976), Spilker (1990), Joiner and Steffes (1991), 
and Mohammed and Steffes (2003) can be seen in Table 4.8.  Plots comparing some of 
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the data to the models can be seen in Figures 4.7 through 4.19.  The error bars on the data 
shown include both the conditional uncertainty values (Errcond) and the measurement 
uncertainties (Errα).  Since the amount of measured data is too large to allow display of a 
plot for each experiment, the results shown focus on the pressure-temperature points 
nearest to those found on Jupiter, with the exception of pure NH3 measurements and 
those taken with the K/Ka-band Fabry-Perot resonator.  The Mohammed and Steffes 
(2003) model is omitted from plots of the measurements with the cavity resonators since 
it is only specified to work between 32 and 40 GHz. 
 The various models for NH3 opacity are fairly complex, and as a result their 
respective software realizations can be prone to errors.  Additionally, the descriptions of 
the models given by Joiner and Steffes (1991) and Joiner (1991) are inconsistent and 
certain assumptions had to be made as to the units employed and the true formulas 
utilized.  In this case, the simple qualitative description provided by Joiner and Steffes 
(1991) is used.  Despite many attempts and permutations of possible errors, this author 
was unable to exactly reproduce the numerical results of that model as tabulated by Joiner 
(1991) and Joiner and Steffes (1991).  The results are typically 1 to 3% higher than those 
tabulated previously.  Spilker (1990) and Berge and Gulkis (1976) provide plots of their 
models, but do not provide any numerical results for comparison.  Therefore, numerical 
values of modeled results at various conditions as calculated by this author have been 
provided in Table 4.9 for cross-reference.  The software realizations of each model are 




Table 4.8: The percentage of the data measured as part of this work that fits the various 
NH3 opacity models within 1σ and 2σ uncertainties 
 
Cavity Resonators 
(1.5 – 27 GHz) 
Fabry-Perot Resonator 
(22 – 40 GHz) NH3 Opacity 
Model 1σ Uncertainty 2σ Uncertainty 1σ Uncertainty 2σ Uncertainty 
Berge and 
Gulkis 
34.9% 53.1% 64.4% 89.2% 
Spilker 46.7% 70.2% 28.4% 48.4% 
Joiner and 
Steffes 
60.2% 82.9% 70.4% 84.4% 
Mohammed 
and Steffes 
32.9% 57.2% 41.6% 55.2% 
This work 75.1% 96.1% 66.4% 85.2% 
 
 
Table 4.9: The numerical results of various models for ammonia opacity calculated at a 
frequency of 5 GHz for a mixture of 1% NH3, 13.5% He and 85.5% H2.  Listed from top 
to bottom in each cell are the results of this work, Berge and Gulkis (1976), Joiner and 
Steffes (1991), Mohammed and Steffes (2003) and Spilker (1990).  *The Spilker model 
under these conditions results in a complex opacity.  Shown is the real part of the 
modeled opacity. 
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Figure 4.7: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.92%, He = 13.47%, H2 = 85.61% at a 
pressure of 11.742 bar and temperature of 448.4 K compared to various models.  The 






Figure 4.8: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.25%, He = 13.57%, H2 = 86.19% at a 
pressure of 11.896 bar and temperature of 373.7 K compared to various models.  The 






Figure 4.9: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.95%, He = 13.47%, H2 = 85.58% at a 
pressure of 8.0 bar and temperature of 295.5 K compared to various models.  The models 






Figure 4.10: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.5%, He = 13.53%, H2 = 85.97% at a 






Figure 4.11: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 4.0%, He = 13.06%, H2 = 82.94% at a 






Figure 4.12: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.79%, He = 13.49%, H2 = 85.72% at a 
pressure of 3.987 bar and temperature of 217.8 K compared to various models.  The 







Figure 4.13: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for a mixture of NH3 = 0.88%, He = 13.48%, H2 = 85.64% at a 
pressure of 2.092 bar and temperature of 217.6 K compared to various models.  The 







Figure 4.14: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for pure NH3 gas at a pressure of 118 mbar and temperature of 






Figure 4.15: Opacity data measured using the large cavity resonator (above) and small 
cavity resonator (below) for pure NH3 gas at a pressure of 249 mbar and temperature of 






Figure 4.16: Opacity data measured using the Fabry-Perot resonator with a mirror 
spacing of 5.85 cm for a mixture of NH3 = 8.0%, He = 12.51%, H2 = 79.49% at a 






Figure 4.17: Opacity data measured using the Fabry-Perot resonator with a mirror 
spacing of 5.85 cm for pure NH3 gas at a pressure of 240 mbar and temperature of 295.8 






Figure 4.18: Opacity data measured using the Fabry-Perot resonator with a mirror 
spacing of 6.17 cm for a mixture of NH3 = 0.98%, He = 13.47%, H2 = 85.55% at a 






Figure 4.19: Opacity data measured using the Fabry-Perot resonator with a mirror 
spacing of 5.85 cm for a mixture of NH3 = 0.98%, He = 13.47%, H2 = 85.55% at a 
pressure of 2.0 bar and temperature of 295.3 K compared to various models. 
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CHAPTER 5:  IMPACT OF NEW NH3 MODEL 
The new higher-accuracy model for the opacity of ammonia under Jovian conditions has 
a number of important benefits.  Not only will it aid in more accurate retrievals of both 
NH3 and H2O abundances at Jupiter from future measurements (i.e. Juno), but it also 
allows previous measurements of the microwave properties of Jupiter to be reassessed, 
such as the Galileo Probe radio signal absorption measurements (Folkner et al. 1998).  
While the difference between the new model and others is generally less than 30% under 
the conditions measured by the Galileo Probe, the accuracies of the future retrievals of 
NH3 and H2O abundances from the highly sensitive Juno spacecraft will greatly benefit 
from the new model.  Additional considerations and limitations must be considered 
however, when extrapolating the modeled results to the hundreds of bars of pressure that 
will be sensed by Juno’s longest wavelength channel. 
 
5.1 Galileo Entry Probe Results 
The Galileo spacecraft was launched on its path toward Jupiter in October of 1989.  It 
carried with it an atmospheric probe that was detached from the orbiter five months 
before the two arrived at Jupiter.  On December 7, 1995, the probe entered Jupiter’s 
atmosphere at a speed of 106,048 mph (Seiff et al. 1998).  The craft was slowed due to 
drag and deployed a parachute to further slow its descent into the Jovian atmosphere.  
The probe communicated with the orbiter via a two channels, one right-circularly 
polarized at 1387.1 MHz and the other left-circularly polarized at 1387 MHz (Folkner et 
al. 1998).  The transmitted and received power for both channels was monitored as the 
craft descended from an atmospheric pressure of roughly 0.5 bar down to a pressure of 22 
bars about an hour later, whereupon the probe stopped transmitting.  Through knowledge 
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of both the transmitting and receiving antenna gains, their pointing angles and the 
distance between the orbiter and the probe, the additional attenuation of the signal due to 
atmospheric absorption can be calculated.  Folkner et al. (1998) attributed this 
atmospheric absorption solely to the presence of ammonia gas and used the model of 
Spilker (1990) to derive the concentration or mole fraction of NH3 as a function of 
pressure.  As previously discussed, the model of Spilker is less accurate than the model 
derived as part of this work.  Therefore, the NH3 mole fraction results derived by Folkner 
et al. (1998) can be adjusted using the state of the art NH3 opacity model.  The ratio of 
the new model to previous models can be seen in Figure 5.1.  The anomalous behavior of 
the Spilker model relative to the others is due to its empirically derived scale term and 
broadening coefficients as a function of temperature.  At temperatures above 600 K or 
below 40 K, the Spilker model predicts a negative opacity from NH3, which is of course, 
non-physical. 
To reprocess the results of Folkner et al. (1998) the numerical data from their plot 
of NH3 mole fraction had to be extracted, since it was not available in tabular form.  This 
was done by zooming in on the image in the digital copy of the article and counting the 
number of pixels between the data points and the scale markings.  The mole fractions of 
NH3 and the atmospheric pressures were combined with the corresponding temperatures 
from Seiff et al. (1998) and the He mole fraction from von Zahn et al. (1998) to generate 
the corresponding measured opacities, assuming the remainder of the composition was 
H2.  These opacities were then compared to the new NH3 model by varying the mole 






Figure 5.1: The ratio of the new ammonia opacity model at 1.387 GHz to the previous 
models under the pressure and temperature conditions of the Galileo Probe from Seiff et 






Figure 5.2: The results of the Galileo Probe radio signal absorption measurements of NH3 
mole fraction from Folkner et al. (1998), using the model of Spilker (1990), reanalyzed 
with the new model from this work. 
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identical.  The size of the error bars remained unchanged since they were due to other 
uncertainties in the measurements.  The new results are plotted in Figure 5.2. 
 The new Galileo Probe results are still consistent with the old results within the 
stated uncertainties, but have values from 5% to 15% higher than previously derived.  
The data are also in general agreement with the latest derived values from the Galileo 
Probe Mass Spectrometer (Atreya et al. 2003).  The new data also show a more 
pronounced difference between the NH3 mole fraction at 10 bars and 15 bars, similar to 
that measured by the Mass Spectrometer, meaning that the ammonia is not likely well-
mixed at pressures below 7 bars.  The downdraft that explains the increase of NH3 mole 
fraction up to a pressure of 7 bars (Showman and Ingersoll 1998) may intersect with a 
stable atmospheric layer somewhere between 10 and 15 bars.  Regardless, these new 
results show a peak NH3 concentration roughly 6.5 times the latest published solar value 
of nitrogen relative to H2 (Grevesse et al. 2005).  By further measurement of the Jovian 
atmosphere by Juno and future spacecraft, the atmospheric dynamics and constituent 
concentrations and distributions can be better understood. 
 
5.2 Juno Radiative Transfer Simulations 
In order to utilize the brightness temperature data that will be taken by the Juno 
spacecraft, radiative transfer simulations must be performed.  The simulations require 
making some assumptions about the behavior and structure of the atmosphere of Jupiter 
in order to match the brightness temperature data from each of the measurement 
channels.  The radiative transfer model used to analyze the effect of the new model for 
NH3 opacity is that of Hoffman (2001) as modified by Karpowicz et al. (2007).  This 
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model relies on the thermochemical model of DeBoer (1995) to describe the behavior of 
the temperature of the atmosphere with pressure.  The thermochemical model assumes a 
wet adiabatic dependence of temperature with pressure, such that the energy of a parcel 
of gas remains constant with changes in pressure.  The model starts deep in the 
atmosphere using the concentrations of H2, He, CH4, NH3, H2O, PH3, and H2S as input 
parameters.  The range of pressures from the 0.1 bar level down to 6000 bars is divided 
into incremental layers.  As the pressure is decreased, the temperature also decreases and 
a check is performed to see if any of the gas components would condense at the new 
temperature.  In this way, various cloud layers can also be simulated. 
 With the creation of a temperature-pressure profile and the models of molecular 
concentration with pressure, the transfer of microwave radiation from one layer to the 
next is simulated.  Considering the black body thermal emission of each layer and the 
microwave absorption of its constituents, the amount of radiation at each measurement 
frequency exiting the atmosphere can be predicted.  The input values of the concentration 
of each absorbing molecule can then be changed and a new iteration of the model 
calculated until the measured values for brightness temperature agree with the calculated 
values.  The calculated brightness temperature as a function of frequency is shown for 
various conditions of possible deep NH3 and H2O concentrations in Figure 5.3, using the 
new model for NH3 opacity and the model of DeBoer (de Pater et al. 2005) for H2O 
opacity.  The mean value of deep NH3 concentration used is 0.039%, whereas the 
depleted and enhanced concentrations are 0.0172% and 0.0609% respectively.  These 
values are roughly based on some maximum and minimum predictions from other 






Figure 5.3: Predicted nadir brightness temperature under various conditions using the 




in Figure 5.3 is 0.5474% or roughly 3.75 times the previously considered solar 
concentration of oxygen from Anders and Grevesse (1989) with the enhanced value being 
0.8731% or six times solar and the depleted value of 0.2197% or 1.5 times solar.  Both of 
the published values of the concentrations of solar nitrogen and oxygen decreased by 
close to 40% between 1989 and 2005, well outside the respective uncertainties of those 
published measurements.  For this reason, it is important to reference the appropriate 
source of all solar concentration information at the time of publication, or to simply refer 
to the abundances of elements in absolute mole fraction.  The effects of the various 
ammonia opacity models on the calculated brightness temperature at frequencies roughly 
corresponding to those proposed for Juno can be seen in Table 5.1. 
 Each measurement channel or frequency is represented by a weighting function, 
which defines the respective contribution of each pressure layer to the total emitted 
radiation.  In essence, a weighting function describes which pressure layers are sensed at 
a particular frequency.  Both the weighting function and brightness temperature 
calculations also depend on the emission angle of the radiation from the planet relative to 
the normal of its isobaric “surfaces”.  When this angle is 0° the alignment of the 
spacecraft antenna is said to be at nadir.  At an angle of 60°, the maximum emission 
angle proposed for Juno (Janssen et al. 2005), the antenna is said to be pointing at the 
limb of the planet.  Simple geometry demonstrates that the path length through the 
atmosphere at the limb is longer than that at nadir and thus limb brightness temperature 
values will be lower.  This phenomenon is known as limb darkening.  The weighting 
functions at the limb also probe less deep into the atmosphere than at nadir.  The 
predicted opacities of the NH3 models at the peak of each weighting function are shown 
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in Table 5.2.  The calculated relative contributions of each pressure to the normalized 
weighting function at each frequency can be seen in Figures 5.4 and 5.5 for the nadir and 




Table 5.1: The calculated nadir brightness temperatures (in K), for the mean 
concentrations of NH3 and H2O used in Figure 5.3, comparing the various NH3 opacity 
models. *The Spilker model does not compute for these situations due to its anomalous 









0.6 668.41 N/A* 656.90 642.93 
1.2 418.72 N/A* 412.67 393.81 
2.6 296.00 N/A* 293.39 279.42 
5.2 231.66 N/A* 230.35 219.84 
10.0 182.36 184.05 181.96 175.53 






Table 5.2: NH3 opacity values in dB/km from various models with an NH3 concentration 
of 390 ppm.  The pressures and temperatures utilized correspond to the peak of the 
respective weighting function at nadir for each frequency. 
Frequency 
(GHz) 





0.6 0.022297 -0.0048543 0.023793 0.022158 
1.2 0.070543 0.055327 0.075005 0.082867 
2.6 0.13246 0.14838 0.14066 0.1795 
5.2 0.22209 0.23804 0.23324 0.30905 
10.0 0.45028 0.44147 0.46257 0.61416 







Figure 5.4: The normalized weighting function at each frequency as a function of 
pressure for a nadir viewing angle using the NH3 opacity model of this work for the mean 






Figure 5.5: The normalized weighting function at each frequency as a function of 
pressure for a 60° emission angle using the NH3 opacity model of this work for the mean 
condition of Figure 5.3. 
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5.3 High-Pressure Extrapolation and Influence of Rotational Lines 
The absolute accuracy of the Juno Microwave Radiometer is estimated to be better than 
2% with the relative measurements better than 0.1% (Janssen et al. 2005).  The added 
precision of the newly derived model for H2/He-broadened NH3 opacity and a new model 
of H2O opacity to be derived based on future high-pressure measurements, will allow the 
most accurate measurements of the concentration and distribution of ammonia and water 
vapor in the Jovian atmosphere to date.  Some caution, however, must be exercised when 
using the new NH3 model at pressures much greater than 50 bars.  While the 
measurements from which the model was derived were only performed up to pressures of 
12 bars, some extrapolation can be made to higher pressures with reasonable certainty.  
The measurements of Morris and Parsons (1970), hereby referred to as M&P, show that 
higher order effects become significant around pressures of 100 bars.  Berge and Gulkis 
(1976) modeled these affects as a parabolic function of the number of hydrogen 
molecules, but did not include additional terms for the amount of helium present despite 
its behavior similar to that of hydrogen in the measurements of M&P.  The data on the 
opacity of NH3 measured by M&P show a steep increase in opacity with pressure up to 
around 100 bars, where the opacity tends to level off before increasing again, less steeply, 
at higher pressure.  Morris (1971) attempts to explain this behavior as the shift from 
resonant to non-resonant Debye absorption similar to that of liquids along with the 
greater frequency of collision of the molecules.  However, for this work, a different 
approach was taken.  The impact of including the 20 lowest frequency NH3 rotational 
lines from the JPL line catalog (Picket et al. 1998) from 572 GHz to 2951 GHz in the 
new NH3 model was investigated and found to reproduce a similar rise in opacity with 
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pressure as that measured by M&P.  This effect can be seen in Figure 5.6 comparing the 
model of Berge and Gulkis (1976) that was fit to the M&P data on the H2-broadened 
opacity of NH3 to the new model with and without the contribution of the first 20 
rotational lines.  The self-broadened linewidths used for each rotational line were chosen 
as 15 MHz/torr (although the results are not very sensitive to that value for this lower 
mole fraction of NH3) and the calculation utilized the Gross (1955) lineshape, similar to 
the model of Joiner and Steffes (1991).  The other scale factors, broadening parameters, 
and temperature dependences used for the inversion lines were also applied to the 
rotational lines.  The results show that the rotational lines do provide significant added 
opacity for pressures above 100 bars and must be considered for any pressures greater 
than 100 bars. 
There are other factors that change in the gas mixture as the pressures are 
increased, such as the deviation from ideal gas law that was not included in the model 
calculations of Figure 5.6.  This would tend to decrease the overall opacity from the value 
calculated assuming an ideal gas mixture.  Additionally, many of the assumptions about 
binary and elastic collisions used for most of the lineshape theories are invalid under 
these conditions.  There is also some added uncertainty in the results of M&P due to their 
assumption that NH3 did not adsorb in their glass system at room temperature during their 
procedure.  This adds more uncertainty to the accuracy of their stated mixing ratios and 
although M&P acknowledge that the mixing ratio of ammonia changes with the partial 
pressure of the gas, their results are plotted showing a constant mixing ratio.  Another 
possible shortcoming of the data is that it was taken at only one resonant frequency.  The 
possibility of that resonance being contaminated by other resonances is non-trivial 
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despite the best efforts of damping unwanted modes, as was witnessed for many 
resonances in the cavity resonators used as a part of this work. 
All of the possible uncertainties in the Morris and Parsons (1970) data and the fit 
of Berge and Gulkis (1976) to it further point out the challenges of modeling the deep 
Jovian atmosphere at the hundreds of bars of pressure that will be sensed by the Juno 
Microwave Radiometer’s lowest frequency channel.  They also show the difficulty in 
predicting the behavior of the rotational lines based on measurements at pressures and 







Figure 5.6: The effect of adding the contributions of the 20 lowest frequency rotational 
lines to the NH3 opacity model of this work.  The simulation is performed under the 
same conditions as the experiment by Morris and Parsons (1970) that was fit by Berge 
and Gulkis (1976): T = 295 K, NH3 = 1/229, He = 0, H2 = 228/229, f = 9.58 GHz. 
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CHAPTER 6:  SUMMARY AND CONCLUSIONS 
The primary focus of this research has been to better understand the microwave behavior 
of gaseous ammonia and water vapor under the conditions of Jupiter.  This was 
accomplished through the redesign and improvement of a high-sensitivity gaseous 
microwave measurement system that was used to characterize the properties of NH3 and 
H2O through a number of experiments.  The results of the H2O experiments were 
insufficient to devise a new model for H2O opacity in an H2/He atmosphere, but do 
indicate the shortcomings of the presently used models.  The NH3 results allowed for the 
derivation of the most accurate model to date of the microwave properties of gaseous 
NH3, pressure-broadened by H2 and He.  The new model is valid specifically for 
temperatures between 185 and 450 K, but could easily be extrapolated beyond those 
bounds.  It is accurate at total pressures of tens of mbar up to 12 bars and possibly 
upwards of 50 bars.  The model works well for all concentrations of NH3 that have been 
detected throughout the solar system and even pure NH3 gas at pressures up to 300 mbar.  
The model accurately predicts the behavior of ammonia at frequencies up to 25 GHz 
under the aforementioned conditions and even up to 40 GHz for temperatures near 300 K 
and pressures below 3 bars.  This new model has been used to reevaluate the results from 
the Galileo Probe radio signal absorption measurements and displays roughly a 10% 
increase over the previously calculated amount of ammonia present at pressures near 10 
bars.  Simulations under the measurement conditions of the Microwave Radiometer 
onboard the future Juno mission to Jupiter show that the new model for NH3 opacity will 
help enable more accurate retrievals of both the concentration and distribution of 
ammonia and water vapor in the atmosphere of Jupiter.  This, combined with better 
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knowledge of the solar concentration of H2O and NH3, will allow for a greater 
understanding of the formation of not only our solar system, but many other solar 
systems, some which may contain planets hospitable to life. 
 
6.1 Suggestions for Future Work 
While this work provides a high-accuracy model for the opacity of ammonia at Jovian 
conditions up to 50 bars, the lowest frequency of the Juno MWR will sense much deeper, 
down to pressures of hundreds of bars.  As shown in Figure 5.6 the contributions from the 
rotational spectrum of NH3 become significant at those pressures and the behavior of 
those lines must be verified.  A new pressure vessel capable of withstanding pressures of 
100 bars along with a digitally controlled oven that contains it have been procured 
through the support of the Juno mission.  This vessel will allow much higher pressure 
measurements than measured previously at temperatures from 300 to 600 K (up to 100 
bars).  While this will be useful for detecting any new phenomena of the behavior of the 
NH3 inversion lines at high pressures, it may not be sufficient to accurately predict the 
contributions of the rotational spectrum at frequencies below 25 GHz.  To better detect 
this contribution, either the total pressure or the frequency of the measurements should be 
increased.  Increasing the pressure would require a new pressure vessel capable of 
withstanding the higher pressures.  The current 100 bar vessel is just large enough to 
contain the large cylindrical cavity resonator used in this work and weighs 1200 lbs.  
Building a vessel that could withstand higher pressures would become too cumbersome 
and expensive, unless its volume was reduced.  Reducing the volume of the vessel would 
limit the size of the internal cavity resonator and increase the frequency of its lowest 
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frequency resonance.  Since the higher frequencies probe less deep into the Jovian 
atmosphere, the extrapolation of the higher pressure measurements to the lowest 
frequency MWR channel of 600 MHz would cause additional uncertainty. 
Measuring the properties of NH3 at higher frequencies, however, requires smaller 
resonators.  A cavity resonator similar to that of Newell and Baird (1965) could be 
manufactured to operate near 50 GHz.  Although this frequency is closer to the rotational 
lines the predicted opacities are roughly 25 times higher under the same measurement 
conditions as Figure 5.6.  This larger opacity would likely saturate the resonances and 
lessen the overall accuracy.  A better approach is to move even higher in frequency to 
150 GHz and operate at pressures on the order of a few bars, so the effect of the inversion 
lines on the total opacity is lesser.  As shown in Figure 6.1, the effect of adding rotational 
lines is noticeable at 150 GHz.  The properties of NH3 between 75 and 150 GHz will be 
measured by fellow graduate student Kiruthika Devaraj using a fully confocal Fabry-
Perot resonator enclosed in a glass tube capable of withstanding 3 bars of pressure.  
These high frequency signals will be generated using a times-six active multiplier chain 
or a frequency tripler, whereas various harmonic mixers will be used with the spectrum 
analyzer as a signal detector.  These measurements may even help predict the behavior of 
the 140 GHz transition in the ν2 vibrational band of NH3 as predicted by Shimizu (1969) 
and measured by Chu and Freund (1973). 
 In order to more accurately measure the properties of water vapor under Jovian 
conditions, H2O-H2-He mixtures with higher opacities must be used.  This will require 
the use of the new pressure vessel (previously mentioned) using the large cylindrical 






Figure 6.1: NH3 opacity as a function of pressure as calculated by various models at 150 
GHz for a mixture of 2% NH3, 13.5% He, and 84.5% H2 at 295 K.  The models of Joiner 
and Steffes (1991) and Mohammed and Steffes (2004) are shown since they include some 
effect of the NH3 rotational lines. 
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temperatures  from  310  K  to  525  K  and  possibly  up  to  600  K.   This  work  will  be 
performed by fellow graduate student Bryan Karpowicz using a further redesigned 
version of the system described in this work (see Karpowicz and Steffes 2008), and a new 
model for H2O opacity under Jovian conditions will be derived.  A plot of the 
temperatures and pressures of the NH3 and H2O measurements conducted as part of this 
work and future planned measurements is shown in Figure 6.2 along with the 
temperature-pressure profile of Jupiter. 
Since the measured opacities of pure water vapor shown in section 4.1.2 are 
almost an order of magnitude higher than those predicted by the DeBoer model, it is 
possible that a thin layer of H2O adsorbed to the inside walls of the resonators may be 
providing additional opacity.  The effect of this layer on the absorptivity and refractivity 
of the measurements is not yet fully understood.  To investigate this effect, additional 
measurements are necessary.  One way to measure this would be to fill the pressure 
vessel containing the large cylindrical cavity resonator with ambient air on a humid day.  
A quick vacuum could then be drawn on the pressure vessel while simultaneously 
measuring the quality factor and center frequency of a number of resonances with the 
Agilent E5071C-ENA network analyzer.  After the pressure in the vessel is less than 1 
mbar, the vacuum pump would be closed off from the system and any adsorbed water 
would be allowed to desorb.  The changes in center frequency and Q would be monitored 
as the water molecules transition from being bound to the surfaces in the vessel to the 
gaseous state.  This procedure could be repeated with dry argon to calibrate any effects of 







Figure 6.2: The pressure and temperature space showing the NH3 and H2O measurements 
of this and future works alongside the approximate conditions at Jupiter 
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The opposite effect could also be measured during the addition of the humid air to the 
evacuated vessel and tracking the subsequent adsorption of the water vapor. 
The performance of the small cavity resonator could be improved for use in the 
new 100-bar pressure vessel, which would allow higher frequency measurements at 
higher pressure.  To do this, the interior radius of the cylinder should be machined more 
uniformly, and the coaxial coupling probes should be replaced by waveguides with irises.  
Also, the mode suppression slots should be removed to provide uniform cylinder height 
around the resonator and thinner dielectric spacers should be used to lessen the amount of 
energy escaping the resonator.  These improvements would allow greater precision at 
higher frequencies, which would be useful in measuring gases with lesser opacity. 
Although the measurements performed as a part of this work involved gas 
mixtures with a constant helium to hydrogen ratio, future high pressure measurements 
should also incorporate mixtures of H2O or NH3 broadened only by H2 and/or He.  This 
would allow better determination of the individual effects of each broadening gas on the 
overall opacity, thereby increasing the accuracy of the models under conditions of other 




Throughout the course of this work, several contributions have been made by this author 
to the fields of microwave spectroscopy and planetary atmospheric modeling. 
First, the microwave measurement system previously used by Hoffman et al. 
(2001) was upgraded to enable greater precision.  This involved the recognition of 
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overlapping TM modes and the placement of dielectric spacers in the cavity resonators to 
improve their performance.  More accurate temperature and pressure monitoring devices 
were installed and for the first time a network analyzer was used to measure the 
resonances of the large cavity resonator during experiments.  The adsorptive behavior of 
ammonia, which was recognized as a major source of uncertainty in previous 
measurements by other authors, was characterized for this measurement system for the 
first time by the addition of a Fabry-Perot resonator operating at K/Ka-band.  The 
performance of this resonator was greatly improved by moving the mirrors much closer 
together than done previously.  Procedures were developed, such as the “replace-half” 
technique, to ensure more accurate knowledge of the NH3 mole fraction in all measured 
gas mixtures.  The differential adsorption of NH3 in various volumes of the pressure 
vessel was detected and a method of tracking the center frequency and Q of multiple 
resonances was developed to ensure uniform gas mixing and thermal stabilization 
throughout the pressure vessel before any measurements were performed.  Software was 
developed to replace that of DeBoer and Steffes (1996) allowing further automation of 
measurements and more accurate data processing and storage with the added convenience 
of the Matlab® platform.  A new program was written to further automate the process of 
dielectric matching that drastically reduces the amount of uncertainty it provides. 
This improved microwave measurement system was used to measure the 
microwave properties of ammonia and mixtures of ammonia, hydrogen and helium under 
a wider range of conditions than measured by previous authors.  This led to the retrieval 
of over 2000 individual usable data points of the behavior of NH3.  A formula was 
devised to weight the data equally throughout the range of measurement temperatures, 
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pressures, NH3 concentrations and frequencies.  A model was derived that fit the data 
more accurately than any previous models and was used to reprocess the NH3 mole 
fraction data from the Galileo Probe radio signal absorption experiment.  The 
applicability of this model to simulated results from the future Juno mission was 
confirmed. 
The microwave properties of water vapor and mixtures of water vapor, hydrogen 
and helium were also investigated.  The opacity and refractivity of H2O/H2/He was 
measured under higher-pressures than ever before and the shortcomings of the models of 
DeBoer (de Pater et al. 2005) and Goodman (1969) were identified.  The need for more 
higher-pressure measurements of the opacity of H2O was recognized and a plan for future 
measurements constructed. 
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APPENDIX A: DISCUSSION OF MOLECULAR ADSORPTION AND THE 
SYNTHESIS OF AMMONIA 
Adsorption is the process of gaseous molecules of one substance, the adsorbate, 
adhering to the surface of a liquid or solid substance, the adsorbent or substrate.  This is 
not to be confused with absorption, where the molecules are allowed to diffuse into the 
liquid or solid and form a solution.  There are two types of adsorption, chemical and 
physical, sometimes referred to as chemisorption and physisorption.  Chemisorption 
requires the formation of a chemical bond between the substrate and the adsorbate along 
with any suitable activation energy to fuel the chemical reaction.  Physisorption, 
however, relies on the weaker attractive van der Waals forces between the adsorbate and 
the substrate and does not result in any sharing of electrons.  Physisorption can occur in 
any gas-solid system, as long as the proper temperatures and pressures occur, similar to 
condensation (Young and Crowell 1962).  It is most likely to occur when the gas is near 
its condensation point, but can occur under warmer, lower pressure conditions.  
Chemisorption can occur at virtually any temperature and pressure, as long as the 
activation energy of the reaction is present.  Because chemical bonds are present, 
chemisorbed molecules are limited to one molecular layer thick.  Physisorbed molecules, 
however, can form multiple layers on a substrate, which can amplify the effect of 
physisorption.  While all molecules can encounter physisorption, polar molecules are 
more prone to it, especially when the substrates are conductors.  One analogy is a 
molecule electromagnetically interacting with its image in the plane of the conductor.  
When adsorbed molecules are returned to the gas phase, this is known as 
desorption.  The most effective ways to cause desorption of physisorbed molecules are to 
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decrease the partial pressure of the gas or to warm the substrate to provide the molecules 
enough energy to overcome the attractive forces holding them in place.  This is true for 
ammonia physisorbed to activated carbon, where adsorption was measured to decrease 
with increasing temperature or decreasing concentration (Rodrigues and Moraes 2002).  
In the case of chemisorbed molecules, desorption can be a difficult and elaborate process 
to retrieve the adsorbed molecules in their original form, if even possible. 
Adsorbed molecules have limited degrees of freedom and therefore do not absorb 
incident electromagnetic energy to the extent they would in the gaseous phase.  Adsorbed 
molecules, however, do change the electrical conductivity of the surfaces, to which they 
adsorb (Young and Crowell 1962).  The extent to which this affects good conductors 
depends on the thickness of the conductor, its porosity, and its surface area.  For the sake 
of the cylindrical cavity and Fabry-Perot measurement systems described in this 
document, the effect of adsorbed ammonia or water vapor has been measured to have a 
negligible effect on the conductivity and resulting Q’s of the resonators. 
Adsorption is very difficult to quantify or exactly predict due to its dependence on 
the fine molecular structure of the substrate.  This means that extra precautions must be 
made to account or compensate for adsorption in laboratory measurements anytime a 
mixture of gases is used where some components will adsorb more than others.  One 
solution would be to cover every material the gas mixture could contact with an anti-
adsorption coating.  This could lessen the overall effect of adsorption, although it would 
not completely eliminate physisorption.  The other approach, the one used in this work, 
involves the use of spectroscopic techniques to determine the extent of adsorption 
occurring in any experiment and repeated gas cycling to saturate its effects. 
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Chemisorption is critical to the Haber-Bosch process used in the synthesis of 
ammonia since the early 1900’s.  Both molecular hydrogen and nitrogen chemisorb and 
dissociate onto the surface of a catalyst, mainly iron (Fe), at temperatures around 400°C.  
The hydrogen atoms are highly mobile on the surface of the catalyst at that temperature, 
while the nitrogen atoms are usually trapped in the crystal lattice structure of the iron 
(Ertl 1983).  As the hydrogen atoms transit the surface they react with nitrogen atoms 
forming NH, NH2 and eventually NH3.  Upon their formation, the NH3 molecules desorb 
due to the exothermic reaction.  As with all chemical reactions, equilibrium exists 
between the reactants and the products.  In the case of ammonia synthesis, only about 
15% of the reactants form NH3 at 400°C, so to increase production, the reaction is 
typically performed at pressures of 100 atmospheres or greater.  The Haber-Bosch 
process is responsible for the majority of the world’s production of ammonia and is 






 SOFTWARE IMPLEMENTATIONS 
The software written as a part of this work can be divided into two main areas: data 
retrieval and data processing.  The software in each area is further separated by the 
instrument which was used to measure the data.  Since the spectrum analyzer and 
network analyzer utilize different control commands, separate scripts exist for controlling 
each device to take measurements.  Even the higher-frequency network analyzer (40 
GHz) that was temporarily used for some experiments requires different commands.  
Measurements below 8.5 GHz are exclusively taken by the Agilent E5071C-ENA 
network analyzer and for measurements above 8.5 GHz, the HP 8564E spectrum analyzer 
and the HP 83650B swept signal generator are utilized.  Several codes have been written 
for each device that perform various tasks of controlling the instruments and retrieving 
the data.  All of the data taken by the codes is plotted on the computer screen in real-time 
for the user to identify that the full amount of data was retrieved and that no excess noise 
was measured.  All of the functionality of these codes is documented here and the 
commented, electronic versions of this software can also be found online at: 
http://users.ece.gatech.edu/~psteffes/palpapers/hanley_data/software 
 
B.1 Data Retrieval 
There are four types of Matlab® codes that are used for these experiments.  The first type 
does not directly factor into measuring the opacity or refractivity of a gas mixture, but is 
necessary for ensuring equal mixing and thermal stabilization.  These Q-tracking scripts 
are used to monitor both the center frequency and Q of multiple resonances in each 
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resonator.  A code named Qtrack_bigres.m is used for the large cylindrical cavity 
resonator, while Qtrack_smallres.m and Qtrack_ka are used for the small cylindrical 
cavity and Fabry-Perot resonators respectively.  These codes are designed to be used 
immediately following the admission of gas(es) into the resonators.  The quality factor 
data is best used for determining the concentration and mixing of the gases, while the 
center frequency data also provides information on the temperature stability of the 
system. 
 After the gas mixture has stabilized and is ready for characterization, two other 
codes are executed to retrieve the measurement data: findandgetdata_NA.m for 
measurements in the large cavity resonator below 8.5 GHz and findandgetdata_Slow.m 
for all measurements above 8.5 GHz.  The goal of each of these codes is to locate the 
exact center frequencies of the resonances and to do perform a number of measurements 
or sweeps of each resonance.  The measurement frequency span is set to twice the 
approximate, quickly measured, half-power bandwidth of each resonance as calculated by 
quickprocess_sync.m for measurements using the spectrum analyzer and three times the 
half-power bandwidth for measurements using the network analyzer, calculated by 
quickprocessNA.m.  The user chooses a file name extension for the type of data to be 
measured, typically “vacX” for the X-numbered vacuum measurement or “mol_Xbars” 
where mol is the type of microwave-absorbing molecule and X is the target pressure of 
the experiment.  The measurement codes run an iterated loop through the resonances to 
be measured, each resonance being assigned a number.  The string of the file name 
extension is then appended to the number of that resonance and the data for each 
resonance along with the instrumental configurations are saved under that file name.  The 
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user is prompted to enter the exact pressure (P) and temperature (T) readings at the 
beginning and end of the measurement of each resonance, although this can be changed 
to prompt less frequently in the case of faster measurements where the P and T values do 
not measurably change. 
The findandgetdata_NA.m code contains the vacuum center frequencies (at 295 
K) of each of the resonances to be measured.  Since the TE(0,1,1), TE(0,1,2), and TE(0,1,3) 
modes in the large cylindrical cavity resonator are easy to locate and have amplitudes 
well above nearby spectral features, the network analyzer quickly measures the peaks of 
these resonances and calculates the proportional amount of frequency shift from vacuum 
at room temperature in that resonator.  This shift is a result both of the expansion or 
contraction of the resonator when operating at a different temperature and the refractivity 
of the gas(es) inside it.  The frequency shift is used to calculate the new center frequency 
of each resonance and zoom in to the correct span without the assistance of the user.  In 
cases where there are several nearly spaced resonances, the user can input the number of 
the resonance in the code and be prompted to manually identify the correct resonance to 
be measured.  The findandgetdata_NA.m code takes measurements of all four scattering 
parameters at the zoomed-in span and at a span of 50 MHz, the latter used to identify any 
nearby corrupting resonances. 
The findandgetdata_Slow.m code utilizes the synchronization of the swept signal 
generator with the spectrum analyzer to locate and zoom in to the resonances of the small 
cavity and Fabry-Perot resonators.  The values of the center frequencies of these 
resonances are stored in an external file (ResList.mat) along with the large spans, nominal 
zoomed-in spans, signal generator power levels and resolution bandwidths to be used for 
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each resonance.  The resonances in the small cylindrical cavity resonator cannot be 
measured as quickly as those in the large resonator and therefore, the frequency shift 
factor is typically calculated manually and incorporated into the code for each 
experiment.  The findandgetdata_Slow.m code measures both the zoomed-out and 
zoomed-in spectra of each resonance. 
After all the spectral data on the gas mixtures have been taken for a string of 
experiments, the dielectrically matched measurements must be performed.  These involve 
adding lossless gas to the resonators to cause the same frequency shift as the test gases.  
Since the refractivity of each test gas is rarely constant across the entire frequency range 
of all the resonances, slightly different amounts of lossless matching gas must be added 
for the measurement of each resonance.  This requires the ability to control the amount of 
gas in the system to within 0.5 mbar of pressure.  To calculate the center frequency of 
each resonance when loaded with the test gas, the main resonance processing codes 
NAprocess.m, resprocessSA.m and resprocessSAsync.m are used.  These codes will be 
described in greater detail in the next section.  The functionality of the dielectric 
matching codes for each resonator are practically identical, with the added ability to more 
accurately track resonances with the network analyzer due to its greater resolution.  Once 
the target frequencies to which each resonance must be shifted are calculated, the code 
configures the measurement instruments under the same conditions as the test gas (center 
frequency, span, power, etc.) and places a marker at that frequency, displaying a wider 
span, and prompting the user to add or remove the appropriate amount of gas to shift the 
resonance close to its target frequency.  Once this has been performed, the user allows the 
program to further zoom in to the correct span and assess the closeness of the resonance 
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center frequency to its target.  A series of audible tones is used to assist the user in the 
event that he or she cannot see the computer screen and instrument screens while opening 
and closing the valves of the gas-handling system.  This approach involves generating 
either one or two short-duration “beeps” to notify the user if they need to add or remove 
gas respectively followed by a higher-pitch tone indicating the closeness of the resonance 
to its target frequency.  Once the resonance center frequency is within the tolerable range 
of the target (1/300th of the span for the network analyzer and 1/150th of the span for the 
spectrum analyzer) a distinctive tone is generated to alert the user. 
Quickly adding or removing gas from the system slightly shifts the temperature of 
the system due to the heat of expansion of the gas.  In the case of the network analyzer, 
the target tone must be generated three times before the dielectric matching measurement 
is started to allow for the resonance to stabilize.  The dielectric matching code for the 
spectrum analyzer only requires one confirmation tone since its sweep times are longer.  
Due to time constraints, the center frequencies of the resonances measured by the 
spectrum analyzer are compared to their values taken using the synchronized mode.  This 
allows the user much faster confirmation that the resonance has been shifted to the 
correct position.  The 40-second-long sweeps that make up the more accurate data of the 
test gas measurements are used for comparison after one 40-second-long sweep of the 
dielectric matching gas has been completed and after all of the sweeps of the dielectric 
matching gas have been completed.  If at any time, the center frequency of the dielectric 
matched measurement falls outside of the target range, the user is prompted to rectify the 
situation by adding or removing additional gas and the measurement is restarted. 
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Once the resonance has been shifted to the correct frequency, the user is prompted 
to enter the temperature (T1) and pressure (P1) of the matching gas before starting the 
measurement of that resonance.  After the resonance has been measured, the user enters 
the final temperature (T2) and pressure (P2) of the matching gas.  The software confirms 
that the newly measured dielectrically-matched resonance has a center frequency value 
within the specified tolerance, and if it does not, the program restarts, prompting the user 
to add or remove gas.  The dielectric matching code for the network analyzer is 
designated ARmatch.m and for the spectrum analyzer, ARmatch_sync.m, with the only 
inputs being the file name extension and resonance numbers to be measured. 
The last step in retrieving data for an experiment, after the final vacuum 
measurement has been completed, is to measure the transmissivity of the cables used for 
each resonator at all the resonant frequencies.  The user specifies the names of the files 
where the test gas data resides and the code iterates through the files reading the pertinent 
states (center frequency, span, power, etc.) of the instruments from each measurement 
and configuring the instruments identically.  In the case of the swept signal generator, the 
device’s maximum amount of leveled output power is used during the test gas 
measurements to optimize the S/N at the spectrum analyzer.  This same level of power 
would saturate the spectrum analyzer’s detector when the insertion loss of the resonator is 
not included.  Therefore the power level used in the transmissivities on the signal 
generator is set to –10dBm, the maximum detectable power at the spectrum analyzer.  
The transmissivity code for the spectrum analyzer measurements, 
findandgettransSmallRes.m or findandgettranska.m, then adds back the difference in 
original output power from –10dBm to give the transmissivity values of the cables under 
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the appropriate conditions.  This does add some additional uncertainty, which is 
discussed in section 3.4.1.  The transmissivity code for the network analyzer is named 
findandgettransNA.m.  The transmissivity measurements are typically repeated three 
times with the user specifying the number of the transmissivity measurement, which is 
added to the file name where the transmissivity data is stored. 
 
B.2 Data Processing 
A completely measured set of data for each resonance at each pressure/temperature 
consists of 8 files, three vacuum measurements, three transmissivity measurements, a test 
gas measurement and a dielectrically matched measurement.  From these files, the 
opacity and refractivity of the measured gas mixture at that resonant frequency can be 
calculated.  A script is typically written to calculate these values for all the resonances of 
a particular experiment for a given resonator.  The script uses the resonant mode numbers 
of each resonance (for the cavity resonators) along with the file name extensions as inputs 
to the calculation code Acalc.m.  Other inputs that must be specified are the type of 
instrument used for the measurements, the configuration of the resonator (described in 
section 3.4.2), and for network analyzer measurements, whether to use S(2,1) or S(1,2) in 
the calculations.  The ability to utilize synchronized measurements from the spectrum 
analyzer is also included, but rarely used. 
The Acalc.m code relies on several other codes to calculate the overall opacity and 
refractivity for each resonance.  Firstly, the test-gas measurement sweeps are smoothed 
with the cubic spline described in section 3.2.3.  In the case of unsynchronized spectrum 
analyzer measurements the sweep-on-span nulls are also corrected in the resprocessSA.m 
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code.  The network analyzer measurements are smoothed using the NAprocess.m code 
and synchronized spectrum analyzer measurements with the resprocessSAsync.m code.  
Each of these codes returns the mean values of Q, center frequency, bandwidth, 
asymmetry and amplitude from all the sweeps for each resonance along with their 
respective standard deviations.  Additionally, Q values calculated using the bandwidths 
of equations 3.44 and 3.45 are returned.  These three codes also have the built-in 
capability of processing a resonance to deconvolve the effect of any frequency slope due 
to cable transmissivity.  They require as an input the value of the transmissivity across the 
measurement span as generated by transdeconvolve.m, which further relies on the 
smoothing of the transmissivity measurements by transmoothNA.m, transmooth.m or 
transmoothsync.m for the network analyzer, unsynchronized spectrum analyzer and 
synchronized spectrum analyzer respectively.  The amplitudes of the transmissivity 
values used in equation 3.17 for calculating opacity, which is implemented in Acalc.m, 
are generated by trancalNA.m, trancal.m or trancalsync.m.  The calculations of Errinst are 
performed by insterror.m which is also called in the execution of Acalc.m.  All other 
uncertainty calculations for both refractivity and opacity are calculated in Acalc.m, with 
the exception of the uncertainty due to asymmetry which is performed in the script that 
calls Acalc.m.  This script is typically named OpacityPlot_NA.m for network analyzer 
measurements of the large cavity resonator, OpacityPlot_smallres.m for spectrum 
analyzer measurements of the small cavity resonator, or OpacityPlot_ka.m for 
measurements of the Fabry-Perot resonator.  These codes calculate the measurement 
temperatures, pressures, center frequencies, opacities, and refractivities along with all 
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their respective uncertainties and save them in a file for later use in data fitting or 
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